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Cancer has long been one of the leading causes of death in the industrial world. The main 
reason for its high mortality is due to inefficient early detection which results in the spread of 
cancer cells to other distant sites in the body, via a process known as metastasis. Metastasis 
causes the dissemination of cancer cells and accounts for 90% of cancer-induced deaths, thus 
requiring better therapeutic treatments. The thesis examines a functional assay to study cancer 
cell invasive migration inside a three-dimensional (3D) collagen-I hydrogel, focusing on its 
micro-architecture and mechanics. 
First part of the project is the tuning of 3D collagen hydrogel to achieve varying fibre network 
structure and gel mechanical properties. Embedded in such collagen gels, breast cancer cells 
were tracked using live confocal imaging followed by quantitative 3D cell track analysis.  
The second part evaluated drug effects on cell migration using the model. Pharmacological 
inhibitions of cell-activated collagen matrix degradation and cytoskeletal reorganization 
reduced cell movement speed and directionality. Interestingly, the drug effects depended on the 
matrix micro-structure and elasticity. 
The study found that tissue mechanics is important in anti-migratory cancer drug assays, and 
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Chapter 1: Introduction 
Cancer is claiming millions of human lives on a yearly basis, and this figure continues to grow 
worldwide. Research into cancer therapeutics has now become an urgent task. In this chapter, 
we will first highlight the severity of cancer epidemics, the urgency of cancer research, and, in 
particular, the significance of understanding cancer metastasis. We will then unveil why 
anti-metastasis drug research requires quantitative in vitro three-dimensional (3D) cell 
migration assays. Finally we will discuss the reasons why tissue mechanics is an important 
variable in anti-migratory cancer drug assays, which leads to the motivation of my research. We 
will conclude with a summary of the research objectives and scope of this thesis. 
1.1 The significance of cancer metastasis research 
Cancer is a set of diseases typically involving abnormal and unrestricted cell proliferation, and 
the destruction of healthy tissue architecture, due to the loss of control in cell growth, apoptosis 
and mobility. The major factors accounting for the onset of cancers are somatic mutations 
and/or disordered tissue organization (Sonnenschein and Soto 2008).  Cancer cells have two 
forms of presence, i.e., in the circulatory systems (e.g., leukemia) or in solid malignant 
tumours. Being a unique feature of malignant tumours, metastasis results in 90% of the deaths 
of cancer patients with solid tumours (Sporn 1996), therefore, it is crucial to understand and to 
curb cancer metastasis. 
1.1.1. The urgency of cancer research 
Each year there are 8 million cancer deaths globally, and 70% in developing countries [1]. In 
Singapore, cancer is the No. 2 killer and takes away the life of every one in four Singaporeans 
[2]. Between 2003 and 2007, the most common types of cancer affecting Singaporeans are 
colon, lung and prostate cancer in men, and breast, lung and colo-rectum cancer in women [3].  
To make the situation worse, cancer is becoming more and more prevalent.  According to the 
statistics from World Health Organization (WHO), global cancer deaths are projected to 
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increase by 45% from 7.9 million in 2007 to 11.5 million in 2030, along with the increase of 
cancer cases from 11.3 million to 15.5 million in the same period. 
One of the risk factors leading to the development of cancer is lifestyle. Around the world, the 
size of affluent population is growing. As these people catch up with the west in terms of 
lifestyle, it is not surprising to see a paralleled growth in the number of cancer cases. Another 
factor is related to population aging. With an extended lifespan, people are subjected to more 
carcinogenic exposures and thus, are prone to developing cancer [2]. 
If the trend continues as projected, combating cancer will continue to be a major challenge to 
the healthcare practitioners world-wide. As such, advances in cancer research are urgently 
needed so that patients can receive earlier diagnosis and better therapeutics. 
1.1.2. 
As most failures in cancer treatment are related to metastasized tumours, metastasis is drawing 
more and more attention from the scientific community. 
Cancer metastasis research 
Metastasis is a term used to describe the dissemination of malignant cells from their original 
habitat – primary tumour – into secondary sites of tumour growth. Taking the metastasis of 
epithelial cancer cells for example, it involves a series of cancer cell activities: breaking down 
of the basement membrane underlying original tumour, dissemination in interstitial tissue 
compartment, intravasation into the circulatory system, followed by transport in blood or 
lymphatic system until their arrest in a new organ, extravasation, reseeding and finally 
developing into new secondary tumours (Chambers et al. 2002; Lee and Lim 2007) (Figure 
1.1). Here, every step is critical to the success of cancer metastasis. 
Unfortunately, cancer cell invasion and metastasis are still not well understood due to the 
complexity of the process. Not only are the cells altered genetically and biochemically in 
metastatic cancers, the physical interactions of cells with their surroundings and the enzymatic 
activities in the extracellular matrices have also changed (Hanahan and Weinberg 2000).  




Figure 1.1. A schematic diagram showing different stages in cancer metastasis, during which 
malignant cells spread from a primary tumour, get transported and finally residing at a distant 
site. Adapted with permission from Elsevier Ltd. (Lee and Lim 2007).  
As assays are developed to specifically address each aspect of metastasis, such as angiogenesis, 
tissue invasion, metastatic suppressor genes, etc, metastasis research has been accelerated 
(Paweletz et al. 2001).  Another factor that speeds up metastasis research lies in the 
technological innovations. For example, there are several types of tests available to reveal the 
effects of drugs on actin at different levels, such as examining the kinetics of actin 
polymerization in tubes (by means of spectro-fluorimetry) and the dynamics of actin 
cytoskeleton in the context of the whole cell (by means of fluorescence microscopy).  There 
are also cell level tests such as video-microscopy–enabled tracking of cell movement, as a 
quantitative, whole-cell–based assay, which is useful to evaluate the overall effect of an 
anti-metastatic drug on cellular level (Hayot et al. 2006).  
Metastasis research is not only concerned with understanding the mechanisms that drive the 
spread of cancer cells, but also with developing functionally directed treatments aiming at 
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repressing cancer dissemination and eventually winning the war against cancer. One of the 
therapeutic targets is cancer cell movement through connective tissues, which plays an 
important role in cancer progression, because it actively contributes to the first and last steps in 
metastasis (Scanlon and Murthy 1991). However, thus far, there is no established, standardized 
assays to evaluate anti-migratory drugs that have the potential to curb metastasis (Decaestecker 
et al. 2007). This thesis attempts to contribute to this issue, by developing effective assays for 
the study of cancer cell migration through in vitro connective tissue models.    
1.2 Quantitative in vitro 3D cell migration assays 
Here we will analyze the rationale of using quantitative in vitro 3D cell migration assays for 
anti-migratory drug tests, by looking at the following: 1) the value of in vitro drug assays; 2) 
advantages of 3D cell-based drug assay; 3) fundamentals of cell migration and 4) the 
advantages of 3D cell invasive migration assays.  
1.2.1. Values of in vitro drug assays  
Among the various types of drug effect assays, animal models and in vitro assays are most 
common.  
Some rodents share 99% of genes with human (Gibbs et al. 2004; Lander et al. 2001; Waterston 
et al. 2002), thus they are broadly adopted in medical research. However, animal models come 
with a number of problems. For applications in drug effect assays, species-specific metabolism 
pathways and signalling mechanisms bring challenges to the use of animal models to predict 
the effects in human body.  
When applied for testing anti-metastatic drugs, animal models have another limitation, since 
the researchers cannot control either the progress that cells go through, or the tissue 
environments that cells encounter.  
In vitro cell-based assays are not restricted by these issues, thus they are not only a good 
supplement to in vivo assays, but are also advantageous in some particular aspects. 
Chapter 1 Introduction 
5 
 
1.2.2. Advantages of 3D cell-based drug assay 
In laboratory settings, cells are commonly grown as monolayer cultures on flat 2D surfaces, 
which inevitably have several drawbacks. Although convenient to set up, 2D cultures cannot 
reproduce geometrically the environments that house cells in vivo, nor provide cells with cues 
from all three dimensions that are found in real tissues. In vivo, most cells require such cues to 
recapitulate the differentiated phenotypes and functions in the host organs. Besides, regarding 
cellular adhesion and multi-cellular organizations are manifested differently in monolayer 
culture as compared to that in vivo. As a result, many artefacts arise from 2D whole cell-based 
drugs assays. Some more details will be further discussed in Chapter 2. 
As an alternative, cell-based drug assays based on 3D cell culture systems have gained 
increasing popularity in recent years, as they show great potential in recapitulating 
physiological relevance of living tissues without cross-species issues involved in animal 
models. In Chapter 2 we will recognize the merits of 3D assays through a comprehensive 
review of various types of cell migration assays. To provide a relevant background, the 
mechanisms of cancer cell invasion and metastasis will be explained in the following sessions 
of this chapter.  
1.2.3. Fundamentals of cell migration  
Cell migration is an essential process during embryonic development, organogenesis, wound 
healing, immune-cell trafficking and metastasis of cancers (Friedl and Brocker 2000). Cells 
activate a variety of mechanisms for migration depending on the mode of cell migration as well 
as the extracellular microenvironment they encounter. It is necessary to introduce the cellular 
intrinsic factors and the external environments involved in cell migration, respectively.  
Some studies categorize cell migration into mesenchymal mode and “amoeboid” mode (Friedl 
and Brocker 2000; Sahai and Marshall 2003). As typical examples, fibroblast cell migration is 
dominantly in the mesenchymal mode, while immune cells migrate in the amoeboid mode 
(Friedl and Brocker 2000). Under mesenchymal mode, the typical cell migration speed is slow 
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(0.1~0.5 µm/min) and the migration process can be characterized by four steps: exploration of 
the substrate by the leading edge protrusions, development of adhesions, advancement of the 
cell body by cytoskeletal contraction, and release of adhesions to pull the rear forward (Friedl et 
al. 1998). Various mechanisms are involved in the above processes. For step 1, the cell 
membrane protrusions on the leading edge are formed from the polymerization of actin 
filaments. In step 2, cells adhere to the substrate typically through adherent protein molecules 
on the cell membrane, e.g., integrins. Next, cytoskeleton contraction is mediated by cellular 
motor proteins that control the sliding of actin bundles over one another. Meanwhile, the 
intermediate filaments and microtubules stabilize the overall structure of cell body, resembling 
cables and beams in a mechanical structure. 
In contrast, cells migrating in amoeboid mode adopt a constantly changing morphology and 
faster movement, as they may achieve 25 µm/min (Friedl et al. 1998). Although amoeboid 
mode migration depends less on cell-substrate adhesion, it requires substantial cytoskeleton 
contractions (Sahai and Marshall 2003).  
 
Figure 1.2. In connective tissues, collagen fibres are in irregular orientations and form 
networks of different densities. (A) Loose connective tissue of mesentery, which is the 
membrane-like lining of the abdominal cavity, showing collagen fibres (arrow heads), elastic 
fibres (small, filled arrows) and fibroblasts nucleus (unfilled arrows)(stained for elastin, x40). 
(B) Irregular, dense connective tissue of nipple skin (hematoxylin and eosin staining, x20). 
Cell nucleus are the dark dots. Collagen fibres (light gray) are oriented irregularly but are 
densely packed. Glycoproteins and ground substances are lost during dehydration, so they are 
not visible in the stained samples. Source: Blue Histology on Web. School of Anatomy and 
Human Biology, University of Western Australia. 
URL: http://www.lab.anhb.uwa.edu.au/mb140/ 
As the scaffold of extracellular microenvironment, extracellular matrices (ECMs) are built 
from multiple molecules into diversified forms of networks depending on the functions of 
BA
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tissues. As will be discussed next, ECMs largely determine the fate of metastatic cells. Because 
metastatic cancer cells closely interact with ECM environments, such as basement membrane 
and connective tissue, it is necessary to understand the components and micro-architecture of 
these ECM environments. Basement membrane is a thin layer of high density matrix that the 
epithelia / endothelia attach to. This layer maintains the proper orientation of epithelial / 
endothelial cells and separates the epithelial / endothelial cells from the connective tissue. The 
connective tissue is sparsely distributed with cells and mainly composed of four major types of 
ECM proteins, i.e., glycoproteins, proteoglycans, collagen and elastin (Jones and De Clerck 
1982). The proteoglycans are glycoproteins with higher proportions of sugar side chains. 
Owning to the fact that sugar chains often bind a great amount of water molecules, 
glycoproteins and proteoglycans mainly sustain the compression of the tissue. Besides 
providing a structural support, glycoproteins have multiple functions such as binding to fibres, 
cells, and ground substance of the tissue. Being the main protein component of connective 
tissue, collagen is the also the most abundant protein, as it makes up around 30% of proteins in 
the human body. Among a total of 19 subtypes, collagen type I (collagen-I) has the largest 
quantity (90%), becoming the major protein of connective tissue. As collagen-I has a 
triple-helices conformation and is further polymerized into fibrillar networks, it is responsible 
for load-bearing functions of bone, ligament etc (Di Lullo et al. 2002). Collagen-I is also the 
major protein component in breast stroma (Nelson and Bissell 2005). Elastin is a class of elastic 
fibres, which include elastin, elaunin and oxytalan. They are in naturally relaxed states most of 
the time, while bearing tensile load when stretched. The structural organization of elatic fibres 
and the way that elastic fibres interweave with collagen allow them to buffer the expansion and 
prevent tearing [4]. These fibrillar components are the major solid phase structures that form a 
connective tissue (Figure 1.2), and largely determine the porous nature as well as mechanical 
properties of the tissue. 
 




Figure 1.3. Scanning electron micrograph. (A) Schematic view of MDA-MB-231 cells 
invading through type-I collagen fibres. Pericellular proteolysis mediated by MT1-MMP 
allows tumour cells to remodel the matrix, supporting invasive migration through the 3D 
fibrillar collagen network. (B) The higher magnification image of the area in white, dotted 
box in (A). Cell is pseudo-coloured in red and matrices in blue. The anterior part of the long 
lamellipodial extension is covered by numerous small finger-like protrusions that might 
correspond to sites of pericellular proteolysis and matrix remodelling. Cells were plated for 6 
hours on 3 mg/ml acid-extracted type-I collagen before fixation for scanning electron 
microscopy. The figure is adapted with permission from The Company of Biologists 
(Poincloux et al. 2009). 
Cell migration can be either 2D, occurring on flat surfaces both in vivo and in vitro, or 3D, 
occurring in interstitial tissues or in 3D scaffold in vitro. The patterns of cell migration in 3D 
differ from that observed in 2D culture. In 3D, different types of cytoadhesions are formed as 
cells are interacting with a more complicated micro-environment (Yamada et al. 2003). Cells 
also activate additional mechanisms to traverse physiological barriers (Even-Ram and Yamada 
2005). For instance, to go through a tightly woven ECM network in 3D, cells break down a part 
of the network via enzymatic degradation (termed as proteolysis), which leads to reorganisation 
of the network (Larsen et al. 2006).  
1.2.4. Advantages of 3D cell invasive migration assays 
Properly built 3D in vitro models have the potential in recapitulating the physical barriers, the 
ECM-embedded gradients of migration-guiding factors, as well as the extracellular 
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critical for the manifestation of various types of cell migration, a close simulation of ECM 
geometry and property is required in anti-migratory drug tests. 
In the specific case of cancer invasive migration, cell movement and local proteolysis are both 
required and neither alone is sufficient (Paweletz et al. 2001). So a cancer cell invasion assay 
should properly simulate cell migration strategies and quantitatively measure the ability of cells 
to break physiological barriers during migration (Eccles et al. 2005). Out of these two factors, 
the former takes different forms and patterns depending on the dimensionality of ECM 
environments and the latter is unique to 3D migration.   
A. 3D models can simulate cell migration strategies  
While cell migration is determined by both cells’ intrinsic and external factors, cells may utilize 
a variety of migration strategies in vitro and in vivo, depending on the dimensionality and 
properties of the substrates. For example, on flat tissue culture plate, cancer cells can fully 
spread and crawl with lamellipodia on the leading edge in a random manner. In contrast, 
intravital imaging revealed that adjacent to breast tumours in a mouse, cells in a 3D tissue 
showed round morphology and migrated along ECM fibres with high directionality and speed 
(Condeelis and Segall 2003).  
Cancer cells found in connective tissues, including fibrosarcoma, glioma and those that have 
disseminated from epithelial cancers which may have undergone epithelial-mesenchymal 
transition during tumour progression (Thiery 2002), resume a fibroblast-like, spindle shape 
when cultured in 3D collagen, and they are often reported to move with moderate speed and 
directionality (Friedl and Wolf 2003). Furthermore, the mechanisms that are used by migrating 
cells to generate contractile force differ between cells on 2D surfaces and in 3D matrices 
(Meshel et al. 2005).  
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B. 3D in vitro models are essential in recapitulating the physical barriers 
It has frequently been discussed that the enzymatic breakdown of extracellular macromolecules 
contributes to cancer metastasis (Jones and De Clerck 1982).  Clinically, extracellular 
proteases, the enzymes that specifically cleave proteins in ECM, are expressed more in cancer 
cells than in normal cells (Paweletz et al. 2001). When cancer cells leave the primary tumour of 
epithelial origin or when they enter the endothelial layer of blood / lymph vessels, they need to 
overcome many physical barriers. The first is basement membranes. Only malignant tumour 
cells are capable of breaking through basement membrane, often via enzymatic digestion 
(Gupta and Massague 2006). The next barrier is the connective tissue. Similarly, with abnormal 
regulation of extracellular proteases secretion and activities, cancer cells in connective tissue 
can also use such enzymes to modify the fibrillar protein polymers on their migration paths 
(Figure 1.3) (Murphy and Gavrilovic 1999). Since the extracellular proteases only function in 
the presence of proper substrates, these enzymes are found to be most active around the cell’s 
protruding front, retracting rear or the mid region where the cell body is restricted by the dense 
network of ECM (Wolf and Friedl 2009). 
If cells are facing no physical barriers during migration, the action of proteases is not required. 
Some studies found that when fibroblasts and osteoblasts migrated in 3D collagen, 
matrix-metalloproteinases (MMPs) were actively involved, which was not the case when 
migration occurred on a 2D collagen-coated surface (Langholz et al. 1995).  
C. 3D models provide 3D gradients in cell migration signals    
Depending on the environmental signals they receive, cells migrate in random directions when 
they are not exposed to heterogeneous external cues or in a directional fashion when they are 
guided by a signal gradient. Directional cell movement is further categorized into chemotaxis, 
haptotaxis and durotaxis, in response to soluble factors, ECM-bound cell signalling factors and 
mechanical factors, respectively. Migration assays based on 3D cultures are able to provide 3D 
gradients of these factors. For example, physical cues of ECM including matrix micro-structure 
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and interstitial flow together with biochemical cues such as growth factors and nutrients can be 
introduced to cells in proper spatial and temporal arrangements with engineered 3D culture 
systems, which better simulate the in vivo scenario (Griffith and Swartz 2006).  
D. 3D models of ECM may trigger transition of cell migration mode 
Interestingly, cells are self-adaptive machines in that their working mechanisms are 
programmed to adapt to different environments, especially in the case of cancer. During 
invasion, malignant cancer cells behave differently from epithelial cells, as they actively move 
across connective tissues outside the tumour, i.e., tumour stroma, by negotiating through a 
series of barriers formed by stromal cells and the ECM. A well-known explanation to the above 
phenomenon is epithelial-mesenchymal transition (EMT), featured with a loss of epithelial 
polarity and decrease in epithelial-type cell–cell junctions (Thiery and Sleeman 2006). The 
triggers for EMT involve growth factors, cytokines and some ECM components, such as 
collagen and hyaluronic acid. A second type of transition is mesenchymal-amoeboid transition 
(MAT), in which cancer cells take up the amoeboid type migration under certain conditions 
(Condeelis and Segall 2003; Wolf et al. 2003).  
The acquisition of and transitions between invasive phenotypes of cancer cells have been 
attributed to genetic abnormalities as well as the tissue micro-environment. Some cancer cells, 
for instance, are able to sustain their migration in “unfavourable” conditions or when some of 
their working mechanisms are interrupted (Even-Ram and Yamada 2005; Wolf et al. 2003). 
Therefore, to prove the robustness of anti-migratory effects, candidate drugs should be tested 
under a broad range of conditions using 3D cancer cell migration assays. 
1.2.5. Summary 
The development of treatments against cancer metastasis and the tests of anti-migratory drugs 
call for effective cancer cell migration assays. This section discussed the advantages of in vitro 
quantitative 3D cell migration assays, along with some background about cancer cell migration 
mechanisms, based on which this study is designed.   
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1.3 Tissue mechanical factors in 3D cell migration assays 
As mentioned in the previous section, in vitro assays for anti-migratory drug study should allow 
for a range of testing conditions. This section will further discuss why ECM micro-architecture 
and mechanics should be properly addressed.  
In recent years, directing cell fate with mechanical factors has shown inspiring insights. In 
vitro, tissue mechanics has been reported to influence the fate of stem cells differentiation 
(Alcaraz et al. 2008; Engler et al. 2006), intercellular interactions (Guo et al. 2006; Winer et al. 
2009) and malignancy development (Kumar and Weaver 2009; Paszek et al. 2005). But there 
has been rarely any report on the interplay between drugs and ECM mechanics. Despite the fact 
for 2D assays, i.e., the stiffness of flat substrate has significant effects on cells’ response to 
drugs (Rehfeldt et al. 2007), the factor of substrate mechanics is not assessed in anti-metastasis 
drug studies in 3D assays.  
To improve cell migration assays for the research on cancer metastasis, matrix mechanics has 
to be considered. There are several reasons. First, findings from medical research show that 
mechanical factors play an influential role immediately after cancer cells start to disseminate 
from a primary tumour (Chambers et al. 2002). Meanwhile, in vitro cell migration studies 
found that cells can sense the substrate stiffness and adjust their migratory behaviours 
accordingly. For instance, on ECM proteins-coated polyacrylamide gel substrates, fibroblasts 
and epithelial cells are found to be mechano-sensitive, as cells prefer migrating to the region of 
higher rigidity (Lo et al., 2000) – a phenomenon termed as durotaxis. It is speculated that the 
enhanced cell-substrate connection provides a traction force to pull the cell towards the stiffer 
matrix, whereas cell adhesion on a less rigid surface is weaker, therefore allowing easier cell 
detachment (Sheetz et al., 1998). The same pathways mediating cell adhesion and contraction 
may also contribute to the stiffness sensing (Geiger et al. 2009). When taking the third 
dimension into account, studies have also established close connections between 3D matrix 
mechanics and cell motility (Raeber et al. 2005; Zaman et al. 2006). This is not surprising, 
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because it is shown that the contraction of 3D collagen matrix is required by tumour and 
mesenchymal cell migration (Bloom et al. 2008; Menezes et al. 2008). Meanwhile, the freedom 
of cell migration may be greatly limited by the pore-size of the ECM environment (Wolf et al. 
2009), since 3D matrices not only provide substrates for adhesion and anchor-points for cell 
contraction force, the 3D confinement may also become a hindrance that prohibits cell 
migration (Friedl et al. 1998),. As a consequence, the mechanisms that 3D tissue 
micro-architecture and mechanics affect cell migration are more complicated.  
In view of this, more in-depth research is required to fine-tune the mechanical design of 
cell-based anti-metastasis drug effect assays, which is the motivation leading to this thesis.  
1.4 Objective 
The objective of this thesis is to develop a 3D cancer cell migratory functional assay for drug 
testing, with defined collagen matrix microstructure and mechanical properties. 
Specifically, we speculate that the effects of pharmacological inhibition on 3D cancer cell 
migration vary with the 3D micro-structure and mechanics of collagen matrix. If such a link is 
found, we should carefully tune the matrix mechanics in order to design effective cell 
functional assays to test different anti-migratory drugs. 
1.5 Scope and structure of the thesis  
With the above objective, it is necessary to develop a quantitative assay to measure 3D cell 
migration in a microenvironment that approximates the tissue structure and properties and also 
allows for modulation. The assay should be able to evaluate cells’ response to anti-metastasis 
agent, in particular, taking mechanical factors of the in vitro extracellular contexts into account. 
The scope of the study is as follows: Firstly, examine cancer cell migration in the 3D ECM 
characterised with a range of mechanical properties. Using 3D imaging capability of confocal 
microscopy, we will closely monitor cells under physiological conditions, track cell movement 
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in 3D and quantitatively analyze cell speed and directionality. Secondly, using this model, we 
will quantitatively evaluate drug effects on cell migration in each ECM context constructed in 
the previous step. From the results, we will compare cell migratory behaviour before and after 
drug treatment and also assess the effect of each drug in relation to the structure and mechanics 
of extracellular matrix. 
This thesis is a report on the above work, including research design, methodology development, 
baseline cell migration testing and drug-affected cell migration using a 3D collagen model 
reconstituted in vitro. Chapter 2 provides the literature review of current in vitro 2D and 3D 
cancer metastasis assays followed by a summary of in vitro 3D anti-cancer drug assays. 
Chapter 3 describes the materials and methods used in this research, plus the rationale behind 
each choice we made. Chapter 4 reports on tuning ECM mechanical property and 
microstructure. Through introducing a variety of collagen-I concentrations and polymerization 
pH to the collagen gel, rheometer was used to characterize the shear modulus and 
strain-stiffening of the gels, meanwhile SEM imaging revealed the micro-architecture of the 
collagen matrices. Chapter 5 presents the results of cell migration, with a focus on collagen gel 
mechanical property and drug effects. In every ECM condition that has been characterised in 
Chapter 4, the cell speed and cell track straightness were measured to identify differences 
between drug treatment and control. Chapter 6 concludes this thesis and recommends for future 
work.  
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Chapter 2: Literature Review 
In the first part of this chapter, we will review the commonly used techniques that scientists 
employed to study cell migration on 2D surfaces or in 3D environments, as well as the strengths 
and limitations of each approach. Towards the end of the first section there is a discussion 
focusing on two issues: how to analyze the outputs from quantitative evaluations and how 3D 
cell migration models should factor in ECM mechanics. 
As we have mentioned in Chapter 1, understanding the cancer cell migration mechanisms is the 
first step, which should be followed by developing treatments that can stop cancer 
dissemination and eventually cure cancer. To provide a general background for anti-cancer 
drug assays, the second part of the chapter will review cell-based anti-cancer drug testing 
methods using 3D models. This section also summarized studies that compared 3D substrates 
with different structures / properties with the implication that ECM mechanics is an important 
factor to consider when building 3D tumour simulates in vitro. 
The last part of this chapter will point out that when in vitro 3D cell migration models are 
applied to test anti-cancer metastasis drugs, the 3D ECM contexts must be well defined and 
there is a need for modulating matrix mechanics in these assays. 
2.1 In vitro 2D and 3D cancer metastasis studies  
Research into cell migration involved in cancer metastasis has recently attracted much 
attention. In general, cell migration is a commonly observed phenomenon among cells during 
organism development or among those cells with constitutive motility, such as fibroblasts that 
close up wounds to repair the tissue, and leukocytes that respond to inflammatory signals and 
travel to the inflammation site to combat against foreign cells. As a consequence, it is not 
surprising to see that the early efforts on cell migration investigations were mostly focused on 
embryonic cells (Newman et al. 1985), keratinocytes (skin cells) (Grinnell 1990; Takashima 
and Grinnell 1985), fibroblasts (Grinnell et al. 2006; Roy et al. 1999) and white blood cells  
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(Gunzer et al. 2000; Nikolai et al. 1998; Stossel 1994). However, cancer cells may also have an 
acquired motility, which is suspected to enable metastasis, and such motility have thus gained 
increasing attention in recent years (Friedl and Wolf 2003; Hooper et al. 2006; Niggemann et 
al. 2004; Zaman et al. 2006). 
This section will review the commonly used functional in vitro assays developed to analyze cell 
migration. These assays are categorized into 2D, micro-pore-based and 3D depending on the 
substrate dimensionality and the objectives of each assay. Table 2.1 gives an overview of the 
three types of assays, which will be reviewed in the following subsections respectively. 
In 2D assays, cells are allowed to move on the top of a flat, horizontal surface. In 
micro-pore-based invasion/migration assays, most cells move in horizontal planes and some of 
them moved through micro-pores, although the assays only count the cells that successfully 
moved through the pores. These micro-pores are measured a few microns in diameter and 
hundreds of microns in length, thus they are in fact vertical channels that connect the top and 
bottom planes of the well insert. For those 3D assays of various configurations that are going to 
be reviewed in this chapter, cells are confined by a randomly organized polymer network and 
the cell migration analysis is based on 3D tracks of cells inside this network. 
Table 2.1. In vitro cell migration assays 
Assay Degrees of freedom Confinement Barriers Real-time microscopy 
2D 2 Bottom No Yes, 2D 
Micro-pore-based 
invasion/migration 
3 (only vertical 
movement is counted) Vertical channel 
Pores of defined 
size, ECM gels No 
3D 3 3D 
Polymer network 
of various pore 
sizes, ECM gels 
Yes, 3D 
 
2.1.1. Tracking 2D cell migration 
2D cell migration assays are able to model the scenario of planar cell migration, and, owning to 
the relatively simple set-up, remain popular in most cell-based drug assays. The focus of these 
2D cell migration assays is to evaluate the motility of a cell on the surface of culture plates (or 
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wells) either coated with or without a layer of ECM proteins, such as collagen-I, collagen-IV 
and fibronectin.  
According to the locations where cells are seeded at the beginning of migration, these assays 
can be categorized into translocation assays and planar spreading assays. Using different 
microscopy and analysis techniques, people may quantify cell spreading at the end-point or 
monitor cell movement in real-time. Because live microscopy records the cell location data at 
each time point, from these raw data, secondary indices can thus be derived to quantify the 
movement of the entire cell population or to do individual cell tracking.  
The translocation assays start with growing cells to confluence on the surface of a micro carrier 
bead, which will be transferred onto the ECM protein-coated or uncoated surface of a cell 
culture well. After a certain time period, the carrier bead is removed and the number of cells 
that migrate to the flat surface is then counted. An alternative model is the aggregate migration 
assay (Zagzag et al. 2002) or tumour spheroid outgrowth assay (Friedlander et al. 1996), where 
the carrier bead is replaced with cell aggregates that are prepared by centrifugation and 
sedimentation or with a micro-sized tumour biopsy. In these assays, cells that have migrated 
onto the 2D surface can be stained for observation and counting.  
The second type, being more widely adopted for studying cell motility, is the planar spread 
assays. To prepare the planar spread assay, cells are grown into confluence, covering a portion 
of the 2D surface.  As the assay starts, cells are allowed to spread to the rest area of the same 
2D surface. The speed of spreading is used to measure cell motility.  
There are a few approaches to establish the planar spreading assays, including scratch-wound 
assay and “ring assay” (Figure 2.1). Following the creation of a gap in a confluent monolayer of 
cells with a sharp tool such as a pipette tip, a syringe needle or even electrical currents, 
scratch-wound assay monitors the closure of the gap resulted from cell migration and 
proliferation (Keese et al. 2004; Koblinski et al. 2005).  
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Instead of measuring the speed that cells fill up a defined gap, ring assay calculates the speed of 
cell spreading to a free space on the planar surface of a tissue culture plate or well. Cells are 
initially seeded in a confined area, which is usually round, and grow into confluence to form a 
monolayer. As soon as the confinement is lifted, the ring assay measures the growth of 
cell-covered area (Figure 2.1) (Cai et al. 2000; Horodyski and Powell 1996). Ring assay is able 
to minimize the disturbance to the cells as compared to the “wounding” process. Also, it makes 
ECM-coating of the plate easier, because there is no worry of the damage to the ECM-coating 
when the gap is created. 
 
Figure 2.1. (A) Scratch wound assay: in a typical monolayer wound assay, a wound is created 
in a confluent monolayer of cells at time = 0 (t0). Cell migration is then evaluated at the 
end-point of the assay (t1), either by determining the speed that the edges of the wound 
approach each other, or by counting the number of cells observed in between the two lines 
that indicate the wound borders, as determined at t0. The small arrow shows a cell in a mitotic 
state. (B) Ring assay: illustration of the radial migration of cells from an initial cell cluster 
(indicated by the circle) to the migration front (arrow), a distance which is the maximum 
linear distance covered by the cells in the direction of the arrow. Adapted with permission 
from Wiley Periodicals, Inc. (Decaestecker et al. 2007). 
To analyze the cell motility, the above assays may focus on monitoring the spreading rate of 
cells as a whole layer (Cai et al. 2000) or the migratory behaviour of individual cells when 
equipped with video microscopy (Debeir et al. 2008).  The spread of cell monolayer in 
scratch-wound assays can be measured by the advance of the wound edge or the areas occupied 
by cells beyond the wound borders (Kornyei et al. 2000; Watanabe et al. 2003). In ring assays, 
cell migration is quantified by the net increase in the cell-covered area or by the increase in the 
average linear distances covered by the migrating cells, i.e., the radial distance between the 
original cell sheet border and the current border (Cleek et al. 1997; Horodyski and Powell 
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1996). Another way to measure cell migration is to count cells out of the boundaries of original 
cell seeding region (Lee et al. 2008b). 
Besides the above mentioned 2D cell migration assays, there are other configurations for the 
evaluation of special features of cell migration based on 2D substrates. As introduced in 
Chapter 1, a category of cell migration is the gradient-directed migration, such as chemotaxis, 
haptotaxis and durotaxis, each of which requires dedicated assays to create the specific 
gradients. In this category, the most widely used is chemotaxis assay, which studies the 
chemical factor – guided directional movement, when cells are attracted / repelled by a spatial 
gradient of signalling chemical factor. For quantitative chemotaxis assays, a stable 
concentration gradient of the chemical must be maintained for a sufficiently long period. 
Examples of devices dedicated to chemotaxis assays include Dunn chamber (Figure 2.3Figure 
2.) ---- a device first reported in the ’90s (Zicha et al. 1991), ibidi's "µ-slide Chemotaxis"  
(Applied BioPhysics, Troy, NY, USA) (Figure 2.2) and other more complicated 
microfluidics-based systems (Mosadegh et al. 2007; Shamloo et al. 2008).  
 
Figure 2.2. A µ-slide chemotaxis device. Principle (A), 3D view of the device (B). Here, two 
reservoirs of media with different levels of chemoattractant (the higher concentration is 
indicated by dots) are connected by a narrow observation area. A concentration gradient is 
created along the observation area. Cell migration in this area will be monitored through live 
microscopy. The figure is adopted from http://www. 
biophysics.com/ibidi/USLIDES/chemotaxisUSLIDE.html. 
Although convenient to set up and analyze, 2D cell migration assays are far from sufficient for 
drug effect studies, especially in anti-metastasis drug research. This is because cell migration 
across a planar surface only reflects a limited number of physiological events, such as epithelial  
 
B A





Figure 2.3. Configuration and application of Dunn chamber. The Dunn chamber is shaped 
with two concentric circular deep wells separated by a ring-shaped bridge that is as shallow as 
20 μm and is located below the top of the chamber (A). During experiment, the inner well is 
filled with a control medium and the outer with a medium plus a potential chemoattractant. 
The capillary effect will induce and maintain a linear diffusion gradient along the radial 
direction of the ring-shaped bridge. A square coverslip with cells adhered during culture is 
inverted and put on top of the wells, with the periphery sealed with wax to form a closed 
space. Microscopy imaging will record cell migration in the area directly on top of the 
ring-shaped platform (B). Rose-plots in (C) and (D) are examples of cell behaviour in random 
migration and directional chemotaxis (with chemoattractant at the top of the plot) respectively. 
The length of the bar at each direction in the rose-plots represents the number of cells 
migrating in that particular direction. The arrow in (D) indicates the migration direction that is 
significantly different from the others. The 3D view of a Dunn chamber 
(E) http://www.kcl.ac.uk/schools/biohealth/research/randall/res-ections/motility/dunn/method
s. (A) – (D) are from (Eccles et al. 2005), adapted with permission from Elsevier, Ltd..  
cell and keratinocytes migration during wound healing. However, the in vivo migration of 
endothelial cells, most types of cells in connective tissues and tumour cells during metastasis 
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physical barriers from all three dimensions. Comparing to 2D migration, 3D migration requires 
additional mechanisms including matrix degradation. Hence, assays based on micro-pore and 
3D culture are advantageous in simulating these complicated processes in vitro. 
2.1.2. Micro-pore-based cell migration/ invasion assays 
Using two vertically aligned chambers separated with Millipore membranes distributed with 
pores that are 5 – 12 μm in diameter, Boyden Chambers (Gaithersburg, MD) and “modified 
Boyden Chambers” become popular models for assessing cell migration (non-coated 
membranes), invasion (ECM-coated membranes) and chemotaxis (chemoattractant in either 
the lower or upper chamber). The pores are usually smaller than the cells in study, thus not 
allowing cells to pass through without active migration. The ECM coating on the membrane 
forms a thick layer of matrix, which obstructs the pores of the membrane and constitutes a 
physical barrier to cell migration. To pass through this layer, cells have to break it down by 
activating invasion mechanisms. A variety of Boyden Chambers applications are illustrated in 
Figure 2.4. 
There is a widespread usage of Boyden Chambers in testing anti-migratory drug effects. For 
example, grape seed proanthocyanidins (GSPs) were discovered to inhibit the migration of lung 
cancer cells across uncoated membranes with 8μm pore-size in a concentration-dependent 
manner (Punathil and Katiyar 2009). Using modified Boyden Chambers with 
fibronectin-coated membranes (Figure 2.4A), a group in Singapore found that emodin, an 
active component of a traditional Chinese medicine, was able to block cell migration in cancer 
cells transfected with constitutively active cytoskeleton regulators (Huang et al. 2005). 
Modifications of Boyden Chamber assays also allow for studying migration-inducing 
ingredients in ECM. To study the pathways involved in hyaluronan-induced pancreatic cancer 
cell motility, inhibitors were tested for effects on reducing cell migration / invasion through a 
modified Boyden chamber, in which the membrane was coated with MatrigelTM (Teranishi et 
al. 2009). In this test, the upper and lower chambers were filled with the same media, i.e., 
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serum-free medium containing Akt phosphorylation inhibitors and hyaluronanic acid. This 
model is to test the motility-stimulation effect of hyaluronan instead of directional chemotaxis 
effect, so it did not create a concentration gradient across the membrane. 
 
Figure 2.4. Schematic view of Boyden Chambers for chemokinesis, chemotaxis, haptotaxis 
and invasion assays. Chemokinesis (A) measures the random migration without gradient of 
chemoattractant between the lower and upper wells, where there is also no difference in terms 
of ECM protein coating on the lower and upper surface of the porous membrane; haptotaxis 
(B) is to evaluate directional migration when only underside of the membrane is coated with 
ECM proteins, which may function as a solid phase stimulant for migration; cell directional 
migration under chemotaxis (C) is enabled with concentration gradient of soluble factors 
between the two wells; a thick layer of ECM proteins or cell monolayer on top of the 
membrane converted the assay into invasion or transmigration assay (D). Adapted with 
permission from Elsevier, Ltd. (Eccles et al. 2005). 
Another modification to Boyden Chambers has enabled the inverse invasion assay (Malliri et 
al. 1998), in which cells were initially attached to the underside of a TranswellTM. With 
MatrigelTM coating on the top of the filter as a chemoattractant, cells migrated across the filter 
distributed with 8 micrometer pores. Cells stained for nuclei can be observed at different 
heights from the bottom of the filter using a confocal microscope. Cells found at and above 20 
µm from the bottom of the filter were counted as having “successfully invaded into 
MatrigelTM
B













”.   
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Through replacing the ECM gel layer with a monolayer of endothelial cells (or other cell types), 
Boyden Chambers are further modified to test the ability of immune cells or cancer cells to 
migrate through the previously established cell monolayer, allowing for the study of cell-cell 
interactions in a physiologically relevant setting (Lee et al. 2003; Worthylake et al. 2001). 
The conventional approach to evaluate cell migration in Boyden Chambers is through an 
end-point determination scheme and the output is on the cell population level. At the end of the 
assay, cells that remain on top of the membrane are removed and cells that are attached to the 
lower side of the membrane are stained and counted. The migration efficiency is calculated by 
normalizing cell counts that have traversed the membrane over the entire population of cells 
seeded in the chamber, on the assumption that if cells successfully migrated through the ECM 
protein-coating on the other side of the filter, they exhibited higher “invasiveness”. As a further 
step, by observing from the bottom of the filter, confocal microscopy imaging has improved the 
vertical resolution (Vial et al. 2003). Assuming that the vertical locations of these 
GFP-expressing cells indicate their invasiveness, an index is calculated from the ratio of pixels 
above a certain height on top of the filter and the pixels of all cells both above and below the 
filter. 
Given its wide applications in cell migration / invasion studies, the two-chamber system largely 
relies on end-point determination methods, for which time-lapse microscopy is not common. 
Although a modified system based on FluoroBlokTM (BD Biosciences) blocks fluorescence 
signals emitted between 490-700 nm and allows for monitoring the process of invasion and 
subsequently tracking individual cells in real-time under fluorescence microscopy, it cannot 
reveal the details of cell movement due to the limitation in imaging magnification (Yamakawa 
et al. 2000) .  
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2.1.3. 3D cell migration models 
This section first introduces early types of 3D cell invasion assays, which are pioneers of the 
recently developed 3D cell migration systems. Next, we will categorize latest 3D migration 
assays into six sets and discuss the advantages and limitations of each type.  
Some early 3D assays modelled the organ-tissue invasion. These assays showed the ability of 
tumour cells to invade a neighbouring normal tissue, which is usually a fragment of embryonic 
animal organ, such as rat brain aggregates-based model (Bjerkvig et al. 1986) and embryonic 
chick heart – derived 3D cell culture model (Mareel et al. 1982). Alternatively, organotypic 
cultures of human tissues are built in a similar way as animal organ fragments. One type of 
organotypic cultures was achieved by confronting lung cancer cell clusters with tissues such as 
normal epithelium, normal stroma or tumour stroma (Fjellbirkeland et al. 1998). This study 
employed tissue blocks which were a few hundred micrometers in diameter, so the initial 
contact between the two blocks were often supported with an agar gel. 
Although these organotypic culture systems have enabled cell-stroma tissue interactions, they 
do not allow the live tracking of cell migration. Instead, end-point determination-based 
experiments were typically conducted via 1) constructing co-culture until tumour cells get 
attached to the organ fragments; 2) seeding the tumour-organ conjugates in an agar-filled well 
supplied with culture media and 3) after a few days, fixing the tissues and having the sliced 
tissue samples stained with tumour-specific antibodies, to identify evidence of tissue 
infiltration. 
As quantitative cell migration assays require high quality imaging of cells in the system, the 3D 
scaffold to support cell growth must have a good optical property. Hence, hydrogel-supported 
cell culture has recently become a popular model for quantitative 3D migration assays. 
Hydrogels are complex, fibrillar and highly hydrated matrices, formed from insoluble 
biopolymers under appropriate ionic and physical conditions. With high water content, up to 
99% of the volume, many hydrogels are transparent under microscopes. A number of natural 
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and synthetic biocompatible materials show the potential for supporting cell culture in 3D 
(Lutolf 2009). 3D hydrogel-based cell migration models can be categorized according to the 
gel-forming materials, or, according to the configurations of cell-ECM contact (Table 2.2). The 
majority of these 3D migration models can be extended to anti-migratory drug assays. 
Table 2.2 Categorizing 3D cell migration assay 















Firstly, we categorize 3D cell migration models according to the material used for scaffolding. 
Hydrogels reconstituted in vitro from natural ECM protein components have been commonly 
used to support 3D cell migration in laboratory assays, probably owning to the ease of access 
and standardized experimental procedures. Among others, hydrogels formed with collagens, 
fibrin and MatrigelTM are the most popular models. In laboratory settings, MatrigelTM is 
self-assembled from cold soluble form of basement membrane components including laminin, 
collagen IV, entactin, perlecan plus minor components such as growth factors, collagenases and 
plasminogen activators. MatrigelTM is widely accepted in cancer / endothelial cell invasion 
assays (Albini et al. 2004) although it is found to lack consistency in terms of compositions. A 
further concern over invasion models using MatrigelTM is that in vivo basement membranes are 
extremely thin layers, which are on the scale of 50 – 100 nm thick, thus not visible under optical 
microscope. In contrast, the layer of MatrigelTM is at least 8 – 10 µm thick in assays testing cell 
invasion through MatrigelTM
Collagen-I gel is broadly accepted as a connective tissue mimics in cell invasion models, 
probably because collagen type I is the main constituent of the connective tissue (Michalickova 
et al. 1998), where 3D cell migration occurs. Indeed, electron microscopy has revealed that 
collagen-I and fibronectin- or hyaluronan-incorporated collagen-I maintained interstitial 
tissue-like biochemical and biophysical ultrastructure on the micro-scale (Cidadao 1989; 
.    
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Turley et al. 1985). Other advantages of collagen-I gel include the higher reproducibility and 
lower cost than MatrigelTM
In spite of the wide use of natural ECM proteins, there is very limited room for modulating 
composition-structure-property of natural ECM hydrogels. Novel biomaterials development 
has provided more options to the 3D cell migration assays, examples of which include synthetic 
biocompatible polymer gels (e.g., PEG, or PEG-fibrinogen conjugate) (Dikovsky et al. 2008), 
scaffolds (collagen-GAG) (Harley et al. 2008) and nanofibres (Kim et al. 2009). Well designed 
synthetic hydrogel systems allow for independent modulation of the physical property and the 
density of cell adhesion ligand or enzymatic digestion sites within the gel. Scientists have been 
using these gel models to explore molecular pathways that mediate 3D cell migration, because 
they can isolate the effects from each of these factors on cell migration (Raeber et al. 2007). 
However, except for PuraMatrix
, as well as the flexibility in adjusting its physical / biochemical 
properties in laboratory settings. But it is not easy to crosslink collagen gel under physiological 
conditions without harming cells that are encapsulated in it. 
TM,1
Following the second way to categorize 3D cell migration models, there are typically three 
types of cell-matrix configurations, as listed in the second half of Table 2.2. A typical top-down 
matrix invasion assays is carried out by growing cells onto the surface of a collagen gel and 
monitoring how deep these cells migrate into the gel. Quantitative evaluation of invasion depth 
is based on a series of cell images at different vertical planes recorded at different time. 
Invasiveness is evaluated by cell numbers in each plane (Bracke et al. 2001). The matrix layer 
, synthetic gel models so far have rarely gained good 
commercial acceptance. Although these smart materials are likely to become popular soon, 
they are not yet the best choice for standard anti-migratory drug assays. This thesis will 
therefore narrow down to natural ECM proteins in order to build 3D hydrogel-based cell 
migration assays. 
                                               
1 Publications, 3DM, Inc. http://www.puramatrix.com/pb01.html 
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can also be placed on top of the porous filter as found in Boyden Chambers (Figure 2.5.C), 
forming a chemotaxis assay.  
To characterize vertical invasion or 3D radial cell migration, the spreading of the cell cluster is 
often measured by the largest vertical / radial distance into gel that cells covered, or, the cell 
number within step-wise increasing vertical / radial distances into the gel (Connolly and 
Maxwell 2002; Provenzano et al. 2008). With minimum effort, the approach is used to quantify 
the total effect of population cell migration with high efficiency.  
It is not easy to track individual cell movement in these vertical invasion models, as it is tedious 
to recognize and trace an individual cell across different vertical planes over time. As cells are 
getting in-and-out of focus of the microscope, identifying each individual cell may not be 
accurate. 
 
Figure 2.5. 3D matrix invasion assays, with cells on top at the starting point (A); matrix 
invasion combined with chemotaxis (B) and co-culture invasion assay, while matrix layer 
pre-cultured with stromal host cells such as fibroblasts (C). Adapted with permission from 
Elsevier, Ltd. (Eccles et al. 2005). 




Figure 2.6. Schematic model of 3D gel invasion assays: top-down invasion (A): radial 
invasion (B). Images from left to right suggest time-progress. Adapted with permission from 
Wiley Periodicals, Inc. (Decaestecker et al. 2007). 
Comparing to the top-down invasion models, 3D radial cell migration assay (Figure 2.6B) has 
added advantages. Instead of seeding cells on top of the thick gel, the cell-coated carrier beads 
in 3D radial assays are embedded inside the gel, thereby being located closer to the objective of 
an inverted microscope. The configuration allows for continuous observation of cells during 
their migration. Tracking cell movement in X-Y directions can be done manually or with 
computer automated tracking algorithms, followed by time-lapsed microscopy. This is easier 
than tracking cells through a time-series of Z-stacks to analyze vertical invasion. 
“Nested collagen” is a variation of the “ring” assay, by replacing the cell-coated micro-carrier 
bead with a cell-seeded collagen plug, so that cells migrated from the collagen plug into the 
cell-free collagen matrices. The plug was produce by allowing a piece of collagen that is 
uniformly distributed with fibroblasts to float in a cell culture media-filled well until the gel 
shrank to 10 – 20% of the original size. Whereas the outer collagen was always grafted to the 
culture well, making the gel strong enough to support fibroblasts to migrate into it and allowing 
these cells to elongate into bipolar shape. The model has been applied in exploring the 
molecular factors involved in fibroblast migration, such as myosin II, Rho kinase, matrix 
metalloproteinase (MMP), as well as the stimulation effect of platelet-derived growth factor 
(Grinnell et al. 2006). The same model was also adapted to reveal the migratory behaviour of 
oncogene -- transformed human fibroblasts (Menezes et al. 2008). However, these studies did 
not track cell migration in live microscopy, but instead fluorescently-stained the cells at the 
A B
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migration endpoint, and counted the number of cells that had migrated a certain distance away 
from the periphery of the cell plug gel in several microscopic fields. In a recent study reported 
by the same group, live phase-contrast microscopy recorded the cell migrating into the outer gel 
along with collagen deformation (Miron-Mendoza et al. 2008). However, phase contrast 
images of cells distributed in 3D gels are not of high quality, because of the noise from cells out 
of focus, making it difficult to perform quantitative analysis. 
By replacing the cell-contracted collagen plug with tumour biopsies, the model has been 
adapted to investigate cell invasion at the tumour - stromal interface in vitro. To track cell 
migration in real-time, endogenous fluorophores in cells were detected with laser-scanning 
multiphoton microscopy and collagen fibres were revealed with second harmonic generation 
microscopy to monitor cell-matrix interactions. The biopsies model proved that tumour 
invasiveness was associated with taut collagen fibres being aligned perpendicular to the 
tumour-stromal interface, which probably guided tumour cells to directionally migrate towards 
the cell-free gel  (Provenzano et al. 2006).  
A further development of the nested collagen is “paired nested collagen matrices”. The model 
has been used to study fibroblasts contraction of collagen gel depending on the fix-or-floating 
state of the collagen (Miron-Mendoza et al. 2008). The same idea also helped to augment cell 
contraction-induced collagen fibre alignment. As cells in tumour-explant contracted collagen 
gel, collagen fibres became perpendicular to the tumour-explant boundary (Figure 2.7). The 
gel-pair configuration further enhanced fibre alignment between the two cell clusters, and such 
fibre rearrangement provided significant contact-guidance for cancer cell migration 
(Provenzano et al. 2008).  




Figure 2.7. Diagram of paired-nested collagen invasion, showing experiment configuration as 
well as the collagen fibres alignment resulted from cell contraction. Adapted with permission 
from Elsevier, Ltd. (Provenzano et al. 2008).  
The last type of 3D cell migration assay to discuss here is built with cells disseminated evenly 
throughout the hydrogel, which may be either synthetic hydrogel or natural ECM gel, in which 
cell movement is usually random in all directions. On such basis, several molecular factors 
contributing to cell migration have been examined, such as MMPs and tissue inhibitor of 
metalloproteinases-2, integrins as well as fibronectin concentrations (Raeber et al. 2007; 
Zaman et al. 2006). Because cells are not moving dominantly towards a preferred direction, 
end-point determination is not applicable. Instead, tracking cells in real-time is necessary for 
deriving quantitative data from such random cell migration. Fluorescently labelling of cells and 
computer-automated tracking routines are required to accurately segment cells from the image 
and to characterize the migration of individual cells. 
Mechanistic studies of 3D cancer cell migration may lead to the identification of potential 
anti-metastasis drugs. For example, Rho kinase inhibitor Y-27632 dose-dependently reduced 
cell matrix adhesion, chemotactic and invasive activity of rat mammary cancer cells, Walker 
256. The inhibitor did not show neurotoxicity, which was consistent with rat model intrathecal 
therapy results (Nakagawa et al. 2005). So far, there have been reports on the 
migration-determining role of matrix metalloproteases (MMPs) (Sabeh et al. 2009; Wolf et al. 
2009a), cell adhesive receptors (Castello-Cros et al. 2009) and cytoskeletal contractility 
mediator such as Rho kinase (Provenzano et al. 2008). 
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2.1.4. Discussion on cell migration assays 
A few issues on cell migration assays will be discussed in this section, including the 
comparison of cell population spreading analysis and individual cell tracking, the potential of 
scaling-up cell migration assays and, finally, the influence of 3D matrix micro-structure and 
mechanics. 
Evaluating the motility of cells as a population is fast and convenient, but the approach comes 
with a few confounding factors. Firstly, the drug effects on cell growth could be a significant 
confounding factor in migration assays, which may even override the effects on cell migration. 
Secondly, due to the high heterogeneity of cells within a population, individual cells may 
respond to the same pharmacological treatment differently. Such cell population heterogeneity 
is not counted in a population cell motility assay, as it only measures the population average. 
Studying cell motility with single cell tracking resolution is particularly critical for cancer 
metastasis drug research.   
Typically, the tracking is based on recording a sequence of cell images in a defined frequency, 
identifying single cells one by one and comparing the locations of cell centroids, or nucleus 
centre in some cases, from frame to frame. Segmentation of cells is often achieved using 
thresholding, edge detection filters or image correlation, based on either grey level images 
(Harris et al. 2008) or fluorescent images when the cells were labelled with fluorescence 
proteins (Koblinski et al. 2005) or live cell dyes (Fotos et al. 2006). For tracking cell movement 
manually or through computer-assisted cell tracking programs, it is a common practice to 
connect cell locations over time to form a track (Debeir et al. 2008; Lee et al. 2008b).  
Using such quantitative assays, cancer cell migration under the effect of compound drugs are 
evaluated independently from cytotoxicity assays. For example, to reveal the effect of 
curcumin, the major component of a traditional Indian spice, turmeric, cell migration assays 
were conducted to test the potential of curcumin at low doses of inhibiting cancer cell 
metastasis (Lin et al. 2009).  
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Along with the advancement of 3D optical microscopy techniques, tracking cell migration in 
3D environment is made possible. Laser-based microscopy including confocal, multi-photon 
and selective plane illumination microscopy (SPIM) are becoming more and more widely 
adopted, together with 3D image processing software packages  (Imaris, Bitplane; Volocity, 
PerkinElmer, etc.) that can reconstruct 3D images from a stack of 2D images and analyze cell 
migration quantitatively. The current study will be carried out based on confocal fluorescence 
microscopy and individual cell tracking in 3D space.  
In summary, for the purpose of drug effect detection, individual cell tracking and analysis offer 
multiple advantages over cell population analysis: 1) By following each cell, cell tracking can 
single out the contribution from cell migration to the cell sheet / spheroid spreading and that 
from cell growth. 2) From a collection of single cell tracking data, one can analyze the 
population statistics to identify the proportion of drug-responding cells vs. non-responding 
cells (Decaestecker et al. 2007). 3) Behaviours of extremely motile cells will be monitored, 
considering their leading roles in cancer metastasis.  
Another concern is how to scale-up cell migration assays. Automated microscope stage control 
systems enable monitoring cell migration in multiple areas of interest in parallel, each of which 
may represent a different condition (Fotos et al. 2006). Such data collection techniques have 
greatly speeded up the process of parametric assays, and they are able to simultaneously 
acquire data from paired conditions or from repeated assays.   
The focus of current study, the interplay between ECM mechanics and cancer cell migration in 
3D, is placed on the void of existing knowledge. As cell migration is under the influence of both 
internal and external cues, tissue mechanics is expected to play an important role in 3D cell 
migration, although this topic has not been extensively studied. In vitro models that can create 
an artificial and tuneable ECM context may be exploited for such studies. By seeding cells in a 
different 3D extracellular environment, it is possible to see changes in cell migratory 
behaviours (Wolf et al. 2009b), which is likely attributed to the changes of ECM factors. A 
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parametric experimental and computational modelling of random cell migration showed the 
associations between MatrigelTM
The external cues from the ECM act through cellular pathways to influence cell migration. The 
studies reviewed in Section 2.1.3 have reported some mechanisms that cells activate in order to 
migrate, including enzymatic matrix degradation, cytoskeletal contractility, as well as 
cell-matrix adhesion. The activation of these mechanisms is affected by tissue structure and 
mechanical property, as has been discussed in Chapter 1.   
 density and cancer cell migration patterns (Zaman et al. 
2006). But how specifically the structural and mechanical properties of ECM may influence 
cancer cell migration behaviour in 3D and the underlying mechanisms have not been fully 
unmasked. In addition, matrix mechanics should be modulated without altering ECM protein 
concentration in order to isolate physical cues from biochemical cues.  For example, via 
changing polymerization conditions, collagen-I gel achieves various micro-architecture and 
mechanical strengths. These factors were found to influence angiogenesis (Yamamura et al. 
2007), but there have not been similar reports on cell migration. 
2.2 General anti-cancer drug assays in 3D  
2.2.1. Introduction  
Cell-based assay bridges molecular screening and animal models-based in vivo testing and 
forms a necessary step in the course of drug discovery, since biological activities of molecules 
in living cells are often so complex that cell-specific responses cannot be detected through 
target-oriented approaches (Mazzoleni et al. 2009).  While in vivo evaluations are often 
limited by the techniques of high resolution imaging and real-time assays, there are more 
established and easier methods for recording the drug-induced changes during in vi-tro assays 
than that for animal models. If drug testing involves an in vitro pre-screening step using 
cell-based assays before in vivo tests, it may help to cut down on the number of expensive 
animal studies (Padron et al. 2000). Moreover, it allows for more comprehensive examinations 
of the detailed drug responses from cells and, on tissue scale, from tumour-stromal mimics. 
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However, the challenge is to re-produce the native-state tumour microenvironment so as to 
predict the in vivo drug responses. 
To reconstruct a tumour-associated microenvironment in vitro, cell-based drug assays using 
three-dimensional (3D) cell culture systems are beginning to gain popularity in recent years. As 
cells are manifested in a 3D environment, 3D cell-cell and cell-matrix interactions determine 
not only cell fate but also the cells’ sensitivity to the drug treatment. With many advantages 
over conventional 2D culture as will be highlighted in this section, 3D systems have higher 
potential in restoring tissue-level organizations and functions as found in vivo, thus providing 
more reliable indications of the drug effects. These new assay systems, once validated, will find 
applications in pre-clinical trial drug testing and drug delivery techniques and may lead to novel 
cancer therapies.  
This section reviews the current progresses in developing anti-cancer drug tests based on 3D in 
vitro culture systems, and also cover the importance of mechanics in designing these 3D 
models.  
Starting from the background, we will briefly summarize the various techniques for 
constructing 3D models in order to reflect the physiology/pathology of a solid tumour and for 
evaluating drug effects, and categorize recent studies according to their specific research 
objectives. Finally, we will review cancer mechanistic studies with a focus on comparing 3D 
drug assay models with different structures /properties.  
2.2.2. Background: why 2D cell culture is insufficient for anti-cancer 
drug testing 
The extracellular matrix (ECM) supports cells with structural anchorage and also plays 
important roles in a variety of cell activities including motility, proliferation, differentiation, 
and apoptosis. Since cells are in contact with neighbouring cells and ECM from all three 
dimensions in vivo, artificial and flat 2D culture is not sufficient in recreating the tissue-specific 
microenvironment. Under the treatment of drugs or radiations, cancer cells grown on 2D 
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showed responses differing from those found in vivo, in terms of uptake dosage (Mitrofanova et 
al. 2003), cytotoxicity (Boyd et al. 1999; Kim et al. 2008), metabolism (Padron et al. 2000) and 
cell proliferation rate  (Horning et al. 2008).  There are a few underlying reasons for the 
shortcomings of 2D drug assays, among which, tumour heterogeneity and tissue mechanics will 
be discussed in the following sections. 
Tumour tissues are geometrically and mechanically heterogeneous, with uneven distribution of 
insoluble factors that bind to cell-surface receptors and mediate signalling. A study conducted 
by Murray and colleagues in 1954 revealed that drug responses can vary in different regions in 
the same tumour (Murray et al. 1954). In tumour tissues with a high cell density, there are 
gradients of oxygen, nutrients, catabolites as well as pH (Padron et al. 2000). None of these 
gradients is found in monolayer culture conditions where cells live in uniform liquid media. In 
turn, traditional 2D models are incapable of presenting localized physical or biochemical cues 
to cancer cells.  
Unlike 2D models, a proper 3D model allows cell-cell and cell-ECM interactions to mimic 
those in a real tumour, and also allows the central hypoxia region and peripheral proliferating 
regions to develop (Fischbach et al. 2007). Figure 2.8 schematically illustrates the spatial 
heterogeneity in a tumour model. Further, it is detected that the molecular expressions and 
enzymatic activities are influenced by the stressful tumour-associated microenvironment 
(Levental et al. 2009); therefore the molecular targets of anti-tumour drugs are affected (Padron 
et al. 2000). In fact, after having been cultured in a 3D scaffold, some cells show phenotype 
changes and become more fibrob-last-like, expressing more of α5β1 integrin, a fibronectin 
receptor, as well as N-cadherin (Fischbach et al. 2007). The findings suggest that it is critical 
for an in vitro drug assay to capture the cancer microenvironment which often regulates 
tumourigenesis. 
Another topic of interest is matrix mechanics. There has been an increasing number of findings 
relating matrix mechanics to cancer progression and metastasis (Ingber 2008; Paszek et al. 
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2005; Pedersen and Swartz 2005; Zaman et al. 2006) as well as angiogenesis (Yamamura et al. 
2007), which is a critical factor contributing to tumour malignancy development and 
metastasis. Fine-tuning the mechanical microenvironment will render these 3D in vitro cancer 
models additional advantages for pre-clinical drug testing. 
 
Figure 2.8. Schematic presentation of the similarities of a tumour (in vivo) and a multilayered 
postconfluent cell culture and spheroids (in vitro) Adapted with permission from Elsevier Ltd. 
(Padron et al. 2000). 
Consequently, putting cells in a properly reconstructed tumour environment, which is often 3D, 
is required for evaluating the effectiveness of anti-tumour therapies. In some cases, when the 
drug-targeted cellular function has a 3D geometry in nature, such as angiogenesis and tumour 
invasion, a 3D model is necessary for such functional studies. 
2.2.3. Techniques in 3D anti-cancer drug assays 
A. Building 3D culture systems  
To recapitulate the 3D features of solid tumours, multicellular spheroids could be developed 
from hanging drops of single cell suspensions, from spinning-created low gravity cultures 
(Kohno et al. 1985; Sutherland 1988), or from postconfluent growth in V-bottomed microtiter 
plates (Padron et al. 2000). Natural ECM components or their simulates, such as collagens 
and MatrigelTM, synthetic biocompatible polymer gels (e.g., RADA and PEG), scaffolds 
(PLG) and nanofibres (Kim et al. 2009) all have found applications in supporting cells to 
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form 3D tumour models. Embedding a tumour biopsy in hydrolyzed meshes to form a 
histoculture shows potential of examining the patient-dependent drug responses ex vivo 
(Hoffman 1991). Fibrin-thrombin gel is a substrate widely used for simulating angiogenesis 
(Jung et al. 2001; Lafleur et al. 2002). In search of anti-metastasis treatments, the in vitro 
simulation of malignant cell invasion into surrounding tissues requires confronting the latter 
with the former. This configuration is achieved with a variety of models, using embryonic 
chick heart-derived 3D cell culture system (Mareel et al. 1982), multicellular aggregates of 
tumour and fetal brain cells co-culture (Terzis et al. 1993), as well as hydrogel-based cell 
invasion models (Grinnell et al. 2006; Nakagawa et al. 2005). For more comprehensive 
discussion of 3D culture systems, there are many other good reviews available (Lee et al. 
2008a; Mazzoleni et al. 2009). 
B. Issues and parameters that require examination  
As illustrated in Figure 2.9Figure 2., two issues must be addressed in order to reproduce and 
then evaluate the drug responses using in vitro models and to achieve high clinical relevance. 
First, as the bottom part of the chart shows, the malignant development of the tumour should be 
fully manifested, as a baseline. Next, the changes induced by drug treatment must be readily 
detectable and, further, be measured qualitatively or quantitatively.  
There are a few key parameters established for evaluating drug effects under various contexts. 
For cytotoxicity evaluations, cell percentage of growth (PG) is the golden standard, meanwhile 
an index indicating the concentration of drug that can reduce cell number by 50% is 
recommended for 3D culture (Padron et al. 2000).  
For morphogenesis / angiogenesis evaluations, histochemistry and histofluorescence can reveal 
the molecular and cellular details deep inside a 3D tissue. Advanced microscopy techniques, 
including confocal, multi-photon and selective plane illumination microscopy (SPIM), made it 
easier to visualize 3D-reconstructed tissue structures.  





Figure 2.9. Diagram showing the parameters for malignancy and drug effect evaluation. 
Altered protein expression/ transcripts level, enzyme activity, cell viability, morphology, 
proliferation, migration, and tissue morphogenesis as well as angiogenesis are all parameters 
of interest for the evaluation of malignancy manifestation. Effectiveness of drugs is evaluated 
not only by the above parameters, but also through the time-dependent levels of drug uptake, 
retention and metabolites. The selection of endpoint indices depends on objectives of the 
study and specific targets of the drugs. 
For detecting metastasis, although tissue section images give a clue of cell invasion into the 
stroma, live microscopy provides more information, by tracking and quantification of the 3D 
morphology dynamics and cell migratory behaviours in real-time (Decaestecker et al. 2007; 
Sahai 2007). Moreover, live confocal imaging has enabled the elucidation of dynamic cell-cell 
and cell-ECM interactions in 3D (Wolf and Friedl 2009).  
drug evaluation
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2.2.4. Specific research questions 
Investigating drug effects in 3D systems is primarily driven by 1) resolving discrepancies 
between drug screening using monolayer cell culture and clinical trials; 2) screening for 
cell-cell and cell-matrix interaction-dependent drugs; 3) examining pathological processes of 
intrinsic 3D geometry, such as tumour morphogenesis, angiogenesis and tissue invasion; and 
other specific research questions including drug delivery vehicle tests (Green et al. 2006) and 
preservation of hepatic-specific functions for drug metabolizing tests (Griffith and Swartz 
2006; Mazzoleni et al. 2009).   
A. Multi-layer drug transport 
It is speculated that the transport of drug through multilayer of cells may contribute to the 
discrepancies between drug screening using monolayer cell culture and clinical trials. 
Monolayer culture exposes cells directly to drug-carried media, thus is not representative of the 
physical environment for in vivo drug transport. In contrast, multi-cellular spheroids models 
and histocultures improve the simulation of pharmacokinetics in solid tumours, which serves a 
better model to analyze drug penetration, accumulation and retention. 
Along this line, studies found that drug transportation is not limited by diffusion through the 
collagen matrix supporting the histocultures, but by cell density in the tumour (Kuh et al. 1999), 
because the drug consumption by outer-layer cells reduced the dose received by cells in the 
core (Hicks et al. 1998). 
3D culture systems also provided a platform to test the biocompatibility and efficiency of novel 
drug delivery methods. 3D model proved that adenoviral vectors were able to deliver some 
fusion proteins to infected cells, and the protein was able to traffic into uninfected cells and, 
similarly, cause apoptosis (Green et al. 2006).  
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B. Multicellular-dependent drug resistance 
Some acquired anti-tumour drug resistance is manifested only within multicellular 
organizations, as is found in vivo but not seen in monolayer culture. As illustrated in Figure 
2.10, growing tumour cells as 3D multicellular spheroids can reproduce such a phenomenon 
(Kobayashi et al. 1993), and these spheroids have been used to ex-amine what causes tumour 
cells to resist chemotherapy. 
 
Figure 2.10. A drug-resistance variants of EMT-6 mammary tumour cells derived from mice 
formed condensed spherical aggregates with a necrotic core and viable rims in agarose gel, 
under the treatment of the same drug (eg., cyclophosphamide, cis-diamminedichloroplatinum) 
that these cells are raised to resist, whereas parental EMT-6 cells formed loose cell aggregates 
of smaller sizes (Kobayashi et al. 1993). Copyright (1993) National Academy of Sciences, 
U.S.A. 
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Multiple mechanisms are suggested to account for such multicellular drug resistance. 
ECM-associated loss of p53 function could explain the doxorubicin resistance (Harisi et al. 
2007). Hypoxia in tumour centre and the resulted NO signalling decrease may lead to resistance 
to anti-cancer agents (Muir et al. 2006).  
The same type of models facilitated the search for mechanisms and agents, termed 
"chemosensitizers", which are able to alleviate some drug resistance related to multicellular 
nature of tumours (Kerbel et al. 1996). 
In another example, mouse EMT-6 mammary carcinoma selected for resistance to various 
alkylating agents in vivo formed multicellular aggregates and showed drug resistance in 3D 
culture but not in 2D monolayer culture. The drug resistance has been found to be related to 
increased compaction and intercellular adhesion in these 3D cell aggregates (Kobayashi et al. 
1993). Further, it was proved that hyaluronidase was able to disrupt cell-cell adhesion, thus 
sensitizing the tumours  to chemotherapy (Croix et al. 1996). 
C. Tumour morphogenesis  
Tumour morphogenesis, angiogenesis and tissue invasion are all cancer-related pathological 
processes of intrinsic 3D geometry. 3D models are necessarily required to address these 
processes.  
3D model-supported morphogenesis studies are important in anti-cancer drug tests, because 
cell and tissue-level morphology changes often mark cancer malignancy development. 
For example, 3D culture model of MCF-10A-on-Matrigel enabled the investigation of the 
involvement of serine/threonine kinase Akt in the morphogenesis of polarized epithelial 
structures, as reported by Debnath et al.(2003). Rapamycin inhibited Akt effector thereby 
reduced the morphological disruption elicited by Akt activation, as indicated by cell size and 
number, and also limited Akt cooperatively induced promotion of proliferation (Debnath et al. 
2003). 
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Yao et al.(2005) observed that blood vessel-like structures were formed by ovarian cancers 
under hypoxia. Ovarian cell lines SKOV3 and ES2 grown in MatrigelTM
Recently, 3D culture was built by growing 1mm
-based 3D culture was 
used to study the formation of tumour channels and networks due to hypoxia, and the inhibitory 
effect of sirolimus. The study also found that the drug sirolimus worked through blocking 
hypoxia-inducible factor (HIF)-1alpha at transcription level.  
3 tissue biopsies from 36 gastric cancer patients 
on 3D collagen sponge (ready-made) (Wang et al. 2006). Histomorphological analysis was able 
to reveal necrosis, nuclei shrinkage, and other tumour-killing effect of drugs, along with 
MTS-PMS assay that was able to show the cell viability. Recently, by growing 1mm3
D. Angiogenesis 
 tissue 
biopsies from gastric cancer patients on ready-made 3D collagen sponge, the cytotoxicity of 
cisplatin, pirarubicin (THP) and mitomycin combined with hyperthermia was detected. THP 
showed the highest effectiveness among the three drugs. 
Angiogenesis is a physiological process of blood/lymph vessel growth. Angiogenesis is closely 
linked to cancer development and metastasis. The spread of new blood vessels into tumour 
microenvironment is not only important for supplying oxygen and nutrients to facilitate tumour 
growth, it also creates a channel for tumour cell dissemination (Folkman 1971).  
As shown in Figure 2.11, 3D culture allowed endothelial network to develop (Jung et al. 2001), 
and in addition, to show the changes in a tumour-endothelia co-culture (Shekhar et al. 2000).  
Anti-angiogenesis drug effects and potential molecular targets can thus be examined in these 
systems. Some tumour cells secrete pro-angiogenic factors, which is only recapitulated by 
properly designed 3D culture system, but not by 2D monolayer culture (Fischbach et al. 2007). 
Collagen-I, MatrigelTM and fibrin-thrombin gel were most commonly applied in supporting 3D 
angiogenesis, which will be discussed with examples in the following paragraphs. It is also 
possible to build a co-culture system involving endothelial cells (ECs), tumour cells and even 
smooth muscle cells (SMCs). 




Figure 2.11. 3D endothelial network structures formed in flexible (A, C) and rigid (B, D) 
collagen-I gels at day 7 of culture. Confocal images were recorded starting from cells on the 
gel surface downwards at 5 µm intervals. In (A, B) the images of the 3D networks were 
reconstructed using images taken at depths>15 mm to avoid the cell monolayer. (C, D) were 
lateral views of the 3D networks. Scale bars, 100 µm. Adapted with permission from Mary 
Ann Liebert, Inc.(Yamamura et al. 2007).  
3D vascularisation assays have certain advantages compared to other  models. For instance, 
survivin antisense treatment was found to degenerate vascular capillary networks formed in 3D, 
but the treatment did not decrease ECs migration/chemotaxis in collagen-coated Boyden 
chamber (Mesri et al. 2001).   
An agarose well–set, cylindrical collagen-I gel was maintained in floating condition in 
drug-dissolved or control medium, to culture segments of rat aorta for two weeks. The study 
evaluated the dose- and time-dependent effect of prodrug Furtulon in 3D angiogenesis model, 
with or without the enzyme platelet-derived endothelial cell growth factor/thymidine 
phosphorylase (PD-ECGF/TP), or ovarian cancer cyst fluids (Stevenson et al. 1998a). The 
same group also found anti-angiogenesis effects from a panel of drugs (Stevenson et al. 1998b).  
Another collagen 3D gel-supported endothelial cell culture model was applied in testing the 
anti-angiogenesis effect from a cholesterol-lowering agent, simvastatin, one of 
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3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitors. The drug worked 
through Rho-A pathways, and limited vascular tubular structure formation of human dermal 
microvascular endothelial cells (Park et al. 2002).  
Likewise, Avastin inhibited the growth and induce apoptosis of lung microvascular endothelial 
cells in a 3D culture based on rat-tail collagen-I. Measured by the size of vessel-free area, 
micro-vascularisation was limited by Avastin on a dose-dependent  manner (Liu et al. 2006). 
MatrigelTM-based angiogenesis models are popular too. To study the interactions between 
human breast epithelial cells (HBECs) and EC, a 3D model was developed to recapitulate 
estrogen-induced angiogenesis as in vivo, along with the proliferative potential of MCF10AT 
xenografts. Meanwhile, with HBEC –EC co-culture on MatrigelTM
Another Matrigel
, the proliferation of ECs and 
branching ductal-alveolar morphogenesis of HBECs was co-localized. The cooperative 
growth-promotion effects were further enhanced by estrogen, but inhibited by anti-estrogens 
(Shekhar et al. 2000).   
TM
Formed from fibrinogen and thrombin, fibrin gels are commonly adopted in the evaluation of 
tubular structure formation of endothelial cells. With a fibrin-gel based 3D angiogenesis model, 
the effect from vascular endothelial growth factor (VEGF), fibroblast growth factor-2 (FGF-2), 
hepatocyte growth factor/scatter factor (HGF/SF) and a combination of nine angiogenic factors 
was tested. Enhanced endothelial tubulogenesis was identified when they were co-cultured 
with U87 glioma tumour cells, but not with normal epithelial Madin-Darby canine kidney 
(MDCK) cells. The function of a panel of metalloproteinases was also examined, and 
MT1-MMP, in particular, could become a therapeutic target against angiogenesis (Lafleur et al. 
2002).   
 -supported human umbilical vein endothelial cells (HUVECs) to form 3D 
capillary tubes. MMP-2 sup-pressing drugs, methylseleninic acid (MSeA) and 
methylselenocyanate (MSeCN), decreased the viability and retraction of HUVECs in the above 
model (Jiang et al. 2000). 
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A model using human placental vein discs cultured in 3D fibrin-thrombin clots detected the 
dose-dependent inhibitory effect on the initiation and promotion of angiogenesis by heparin 
(300, 3000 micrograms/ml), steroid (350, 3500 micrograms/ml), and combined heparin/steroid 
at the same doses. The longer term (up to 15 days) and high-dose effects on vessel integrity 
were also investigated (Jung et al. 2001). 
Similar models have been applied to show the effect of delphinidin, a drug produced from berry 
extracts. Besides reducing the activity of vascular endothelial growth factor in endothelial cells 
(ECs) and inhibiting angiogenesis (Lamy et al. 2006), in a 3D fibrin gel coculture assay the 
drug also prevented ECs and SMCs from forming capillary-like tubes (Lamy et al. 2008). 
2.2.5. Comparing 3D substrates with different structures / properties  
Are the mechanisms contributing to cancer progression/metastasis found in 3D assays 
universal, or they may vary depending on the engineered 3D model? To improve reliability of 
these types of drug assays that are developed only recently, scientists are driven to inspect the 
properties of 3D culture models. So far, the hydrogel material, microstructure and mechanical 
property of the artificial ECM that supports cells in 3D are all suggested to be important.  
Synthetic hydrogel material and natural ECM protein may function differently. A 
self-assembling peptide, RADA16, was compared with collagen I and MatrigelTM
There are also differences between types of natural ECM proteins. An ovarian cancer 3D 
invasion assay found that collagen I but not Matrigel
 for 
recapitulating the malignancy phenotype of human breast-cancer cells MDA-MB-231 in 3D 
cultures. The influences on cell morphology, proliferation rate and migration were attributed to 
the components and structural properties of each substrate (Mi et al. 2009).   
TM matrices provided an MMP-dependent 
barrier to prevent cell penetration. Ovarian cancer cell line OVCA429, HEY and ES-2 spherical 
cells clusters formed from hanging a drop of medium containing high concentration cells were 
embedded into MatrigelTM, bovine pepsin-digested Vitrogen, and acid-extracted rat tail 
collagen I, respectively. MMP activity was essential for cell invasion into acid-extracted rat tail 
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collagen I containing impaired telopeptide regions, but not for the first two types of gels. The 
results were consistent with that from 2D TranswellTM
Even in the same type of hydrogel, collagen-I, the structure-mechanics also determines cells’ 
fate in many ways. For example, angiogenesis is sensitive to the density of collagen networks, 
as indicated by the endothelial cells penetration depth and network thickness (Yamamura et al. 
2007). 
 assay (Sodek et al. 2008). 
The sources of the hydrogel materials further complicate the issue because some of the gel 
properties vary with the sources. There are inconsistent findings from 3D cell migration models 
built by collagen-I of different sources and with different properties. Depending on how the 
collagen was extracted from animals (Sabeh et al. 2009), whether the collagen was secreted by 
healthy or cancer-associated fibroblasts (Castello-Cros et al. 2009) and the collagen network 
micro-architecture and mechanical properties (Friedl and Wolf 2010), cell migrated differently. 
It is suggested that the contribution of some cell migration mechanisms may vary with the 
tissue environment, with enzymatic collagen degradation being a typical example. We can 
therefore infer that interventions of these molecular mechanisms will have varying 
effectiveness, depending on the microenvironment built with collagen gels. 
The tissue mechanics in vitro has been found to determine the fate of stem cells differentiation 
(Alcaraz et al. 2008; Engler et al. 2006), intercellular interactions (Guo et al. 2006; Winer et al. 
2009), malignancy development (Kumar and Weaver 2009; Paszek et al. 2005) and migration 
(Harley et al. 2007; Zaman et al. 2006). Meanwhile, drug sensitivity has shown certain 
dependence on the stiffness of 2D substrates (Rehfeldt et al. 2007). However, whether 
mechanics plays similarly significant roles in drug testing based on 3D models remains to be 
discovered.  
2.2.6. Summary 
With many features that are distinctly different from 2D culture, in vitro 3D tumour models 
have the potential to recapitulate cell-cell and cell-ECM interactions encountered in vivo. These 
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complex intercellular and extracellular interactions may largely interfere with the molecular 
targets, cells’ uptake and cellular metabolism of drugs. In addition, cancer-related 
morphogenesis, angiogenesis and tissue invasion develop exclusively in 3D, thus requiring this 
additional dimension. As reflected in the recent literature, 3D models show advantages in 
testing the sensitivity of anti-neoplastic drugs, in the search for radio- / chemo-sensitizers, for 
the prevention of angiogenesis/metastasis and in the selection of effective treatments depending 
on individual patients.  
Since the structure and property of 3D substrates, and in particular, the mechanical properties 
can determine cell fates and elicit some cell behaviours such as adhesion and migration, 
properly modulated 3D ECM models are important for developing anti-migration therapies 
(Decaestecker et al. 2007; Raeber et al. 2005).   
2.3 3D anti-migratory drug assays  
Developing cancer cell migration assays is not only for the interest of cancer biology, but also 
for clinical research (Decaestecker et al. 2007; Hayot et al. 2006). For research into 
anti-metastasis, in particular, screening for therapeutic agents that can prevent cells from 
migrating or breaking physiological barriers is a must (Eccles et al. 2005).  
As reviewed in this chapter, 3D assays are the choice for metastatic cancer cell migration tests. 
There are numerous underlying factors that may cause cell migration in 3D to differ from that 
on 2D. Just to name a few, cells in 3D culture showed different molecular functions, 
cytoskeleton structure, cell proliferation, multicellular organization (Friedl et al. 1998; Li et al. 
2003), cancer malignancy development (Fischbach et al. 2007) and cell matrix adhesion 
(Geiger 2001). For example, actin stress fibres, as a typical feature of cells that are well-adhered 
to planar substrate, are not observed in cells grown in 3D (Palm et al. 2005). Similarly, the key 
transmembrane proteins contributing to cell adhesion, the family of integrins, also show 
different functions when cells are grown in 3D and 2D (Yamada et al. 2003).  In addition, the 
geometry of the model often determines how contact-based cell-cell and cell-ECM interactions 
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form (Griffith and Swartz 2006), which should recapitulate those in tumour development and 
metastasis. These differences collectively lead to altered cell migratory patterns in 3D settings.  
As mechanistic studies are extended to therapeutic researches, there are evidences showing that 
3D culture systems are in fact essential for anti-metastasis drug assays in particular.  It is risky 
to extrapolate drug effects on cancer cells 2D migration to that on the same cells undergoing 3D 
invasion. For example, succinylated concanavalin A (s-Con A) demonstrated reversible 
migration-inhibitory effect on 2D migration of NBT II cells. However, s-Con A failed to show 
anti-invasion effects in a 3D model, in which the cell aggregates confronted pre-cultured 
fragments of 9- to 11-day-old embryonic chick heart (0.4 mm in diameter) (Schroyens and 
Tchao 1985). In another example, inconsistent drug effects were detected between 2D 
migration and 3D tissue invasion of glioma, after the treatment of folate antagonists, 
methotrexate (MTX) and trimetrexate (TMX) (Terzis et al. 1993). It is not surprising to find 
such distinctions between 2D and 3D, considering that cell migration is a complex process 
under multiple genetic and environmental regulations.  
However, 3D models for anti-metastasis drug assays emerged only recently and are not well 
established. When cell migration assays (as reviewed in Section 2.1) and 3D culture-based drug 
effect assays (as reviewed in Section 2.2) are applied for anti-migratory drug testing, there are a 
few additional factors to consider. 
The assay should single out anti-migratory effect from cytotoxicity effect. Frequently drugs 
against metastasis function below the cytotoxic dose. Therefore the drug effect on cell 
apoptosis or cell proliferation must be evaluated separately, but not be mixed with the effects on 
cell motility or invasiveness. If we test anti-cancer drug effect using the scratch-wound assay, 
we are in fact evaluating the combined drug effects on cell motility and cell growth (Hayot et al. 
2006).  
The system should allow in situ analysis, including imaging cells in the 3D culture to find their 
locations and even monitoring cell migration in real-time. As a result, good optical property of 
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the culture environment is desirable, this is because opaque scaffolds will largely interfere with 
the light paths. Devices like Boyden Chamber are only suitable for end-point analysis, since the 
large distance between cell seeding membrane and the microscope objective exceeds the 
working distance of most objectives. In contrast, hydrogel layers attached to an optical glass 
slip are proved to be a good option for cell migration assays.  
As the tumour microenvironment has the effect of directing cancer development, it is critical to 
simulate the microenvironment as in vivo, so that cancer cells can progress towards metastasis 
as they are programmed to. The principle applies to the evaluation of cancer cell migration, and, 
moreover, to anti-migratory drug assays, too.  It becomes increasingly evident that tissue 
mechanics is a critical factor to cancer progression (Paszek et al. 2005) and metastasis 
(Provenzano et al. 2006). We speculate that ECM mechanics should be an important design 
parameter of 3D models for anti-migratory drug assays. 
2.4 Summary 
Cell migration assays are required to examine drug effects on tumour cell metastasis. However, 
the in vitro process for testing anti-migratory drugs on cells has not been standardized, unlike 
the well-established anti-proliferative cancer drug screening procedures (Decaestecker et al. 
2007). To minimize the artefacts that arise from the cell migration model, the design and 
implement of in vitro cell migration / invasion assays are critical for evaluating certain 
mechanisms that enable tumour metastasis. With many advantages, 3D hydrogel-based cancer 
cell migration models coupled with quantitative individual cell tracking are suitable for testing 
anti-migratory drug effects, but the designing parameters of the gels remain less clearly 
defined. Also, there has been no report on the significance of ECM mechanics in anti-migratory 
drug assays using 3D cancer cell invasive migration models. 
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Chapter 3: Materials and Methods 
In this chapter, details of research methods and materials used in the project will be described, 
along with the rationale of choosing them.  
3.1 Malignant breast cancer cells 
MDA-MB-231 is a breast adenocarcinoma cell line established from a pleural effusion. We 
selected this cell line for its highly invasive nature, which makes it easier to observe cell 
migration in collagen gel. Gene expression profiling of MDA-MB-231 cells found 
down-regulation of E-cadherin, implying that cell-cell adhesion between epithelial cells is 
weakened; up-regulation of vimentin (intermediate filament component, typical for 
mesenchymal cells), which enhances cell mechanical strength under stress; and up-regulation 
of some ECM remodelling enzymes, such as TIMP-2 and MT1-MMP, which contribute to 
mesenchymal mode invasion through connective tissues. Results from in vitro cell migration 
assay confirmed their high metastatic potential. Typically, MDA-MB-231 cells showed a 
high proportion of cells successfully traversed through the filter layer in TranswellTM
MDA-MB-231 cells used in this study are gifts from the Life Science Institute, National 
University of Singapore. The cells were cultured in Dulbecco’s Modified Eagle’s Medium 
(DMEM, Mediatech), supplemented with 10% FBS and 1% penicillin & streptomycin (Life 
Technologies, the former Invitrogen, US). Cells in T-25 tissue culture flasks were kept in an 
incubator (SANYO, Japan) with circulating filtered and humidified air at 37°C containing 5% 
CO
 chambers 
within 18-20 hours (Zajchowski et al. 2001).  
2. MDA-MB-231 cells were cultured until 80% confluent and subsequently harvested using 
trypsin (Life Technologies, the former Invitrogen, US). Cells were then washed with their 
culture medium, centrifuged down and resuspended in their medium. Since we are using only 
one cell line, i.e., MDA-MB-231, we will take the abbreviation as “cells” throughout this thesis.  
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3.2 3D collagen model for cell invasion 
We selected collagen type I (“collagen-I” for short) among natural ECM proteins for this study 
to simulate breast cancer stroma considering two factors. Firstly, collagen-I, consisting of two 
α1 chains and one α2 chain, is the most abundant ECM substance in human connective tissue 
(Di Lullo et al. 2002).  Particularly, it is the dominant protein component in breast stroma 
(Nelson and Bissell 2005). Therefore, collagen-I is a good candidate for mimicking connective 
tissue surrounding tumours. Secondly, in native ECM, collagen-I exists in a 3D network 
structure composed of multi-fibrils in the nanofibre scale of 50 to 500nm. The fibrillar structure 
of collagen-I is important for cell attachment, proliferation and differentiated functions through 
interactions with integrins (Ruoslahti and Pierschbacher 1987).  
The recipe and protocol for building 3D collagen-I – supported cancer cell invasive migration 
model are provided below. All steps were performed on ice and in a biosafety cabinet.  
NutragenTM collagen solution that was purchased from Inamed Biomaterials (Fremont, CA, 
US) consists of bovine collagen-I (97%) and collagen-III (3%). 8 parts of ice-cold NutragenTM
The configuration of nested inner – outer gel is schematically illustrated in Figure 3.1. To 
prepare the cell-seeded inner gel, the above mixture was well mixed with MDA-MB-231 cells 
suspended in equal amount of serum-free DMEM on ice, achieving a final cell density of 1 
million/ml and collagen concentration of 2.5 mg/ml. About 15 µl of this collagen-cell mixture 
was transferred as a viscous liquid droplet to the centre of a non-coated 13 mm well in a 35 mm 
glass bottom dish (MatTek, Ashland, MA, US). The droplet formed a 2-3 mm diameter “bead” 
on the glass surface due to surface tension. After the dish was carefully inverted, the gap 
between lid and dish was sealed with Parafilm 
 
solution containing 6.4 mg/ml of collagen-I were mixed with one part of 10× phosphate buffer 
solution (PBS) and one part of 0.1 M NaOH. This recipe is able to adjust the mixture to a final 
pH of 7.4.  
M® (Alcan packaging, the former Pechiney, 
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Chicago, IL, US). The dish was incubated in a 37°C humid chamber for 40-60 mins, which was 
sufficient for the self-assembly of a collagen hydrogel.  
For the acellular outer gel, we prepared collagen solution of five different conditions, i.e., pH9 
- 2.5 mg/ml, pH7.4 - 4.0 mg/ml, pH7.4 - 2.5 mg/ml, pH7.4 - 1.5 mg/ml and pH6 - 2.5 mg/ml. 
Hereinafter, pH7.4 is abbreviated as pH7 throughout this thesis. We also achieved 1.5, 2.5 and 
4.0 mg/ml of protein density through changing the percentage of collagen. The above solution 
can be adjusted to pH 6 or pH 9 by adding a very small amount of 1 M NaOH or 1 M HCl. After 
the above-described bead formed a semi-solid, translucent gel that is later on referred to as 
inner gel, 180 µl of cold collagen solution under one of the above five conditions was poured 
over the bead-like gel to fill up the well. Finally, 40 mins of incubation in a 37°C humid 
chamber allowed for gelation, resulting in a dome-shaped outer gel that enclosed inner gel, as 








Figure 3.1. In the central well, the dotted region is the bead-gel, seeded with cells. On top of it, 
the dome-shaped region is initially cell-free but susceptible to cell invasion.  
2 ml phenol red-free DMEM (GIBCO) containing 10% FBS and 1% penicillin & streptomycin 
was added on top of the outer gel in a glass-bottom dish. The medium was changed every 3–4 
days throughout the whole experiment, which usually last for 2 to 3 weeks.  
For drug effect studies, we used GM6001 (Millipore, Temecula, CA, USA), Y27632 (Santa 
Cruz Biotechnology Inc., Santa Cruz, CA, USA.), cytochalasin D (Sigma-Aldrich Corp., St. 
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Louis, MO, USA) and nocodazole (Sigma-Aldrich Corp., St. Louis, MO, USA)). Stock 
solutions of GM6001, cytochalasin D and nocodazole were prepared by dissolving each 
compound in DMSO with pre-calculated concentration, so that the stock solution will be 
diluted by 1000× in the media when applied to cells. Y27632 is water soluble, so it was 
dissolved in DI H2
3.3 Structure and mechanical property of collagen gel 
O for the stock solution to achieve 1000× of the final working concentration. 
Each of the four drugs was administrated one hour before taking 8 hours of time-lapse 
microscopy. During the period of time-lapse microscopy, cell viability was not affected, as the 
signal of live cell dye and the cells morphology suggested. 
3.3.1. Mechanical characterization  
Mechanical properties are reflected in the response of an object to the force that is applied to it. 
Hydrogels including collagen-I gels resemble solids to some extent and meanwhile showing 
some traits of fluids, by deforming in both elastic and plastic manner under force. Such 
viscoelastic nature of collagen gel is attributed to its polymer-fluid composition, and is able to 
be characterized through rheometry. 
In this study, we characterized the mechanical property of collagen hydrogel without cells 
using a rotational rheometer to obtain its shear modulus under controlled strain. There is a 
significant amount of literature on the theory and applications of rheometry to refer to  (Malkin 
1994; Rao 1999). The reason for measuring gel shear modulus under cyclic strain is that 
compression or tensile testing is less appropriate. Firstly, self-assembled collagen hydrogel 
contains 99% water, resulting in high hydraulic conductivity and, consequently, weak 
resistance to compression (Pedersen and Swartz 2005). Secondly, neither tensile testing nor 
compression testing can obtain static gel strength data, because the viscoelastic hydrogel will 
quickly weaken under the static load (Knapp et al. 1997; Ozerdem and Tozeren 1995).  




Figure 3.2. AR-G2 rheometer. Appearance (A) and plate-plate configuration & schematic 
working mechanism (B). Courtesy of TA Instruments
We used AR-G2 rheometer (Research Instrument, New Castle, DE, US) to measure the shear 
moduli of all five conditions of collagen, as described in the previous section
 2009. 
Error! Reference 
source not found.. The machine is designed with temperature compensation function to 
account for thermal expansion of the metal parts, which is important for our experiments, as the 
ice-cold collagen solution were poured onto the plate and heated to 37°C to enable 
polymerization. Considering the low viscosity and high elasticity of collagen gel, the 
measurement geometry was selected as 60 mm diameter steel plate, fixed at 250 µm above the 
bottom stainless steel plate.  
After mixing with PBS and adjusting pH to the desired level, cold collagen solution was poured 
onto the bottom plate, which was pre-cooled to 5°C. A ring-shaped solvent trap was wrapped 
around the sample to limit gel dehydration during testing. The gel was quickly heated to 37°C, 
and maintained at 37°C throughout the entire testing procedures. The measurements were 
started by monitoring how the gel mechanical property changed during this gelation process 
under 1% strain in a 30 – 40 mins of time sweep. The gel was considered to be stabilized and 
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Following a 1-min conditioning after the time-sweep, the storage and loss modulus were 
obtained in a frequency sweep measurement under 10% cyclic strain, considering the 
viscoelasticity of the gel. Alternatively, a strain sweep with angular frequency = 1 rad/s was 
conducted to evaluate the strain-stiffening of the gel.  
3.3.2. Scanning electron microscopy  
Commonly available approaches for imaging collagen fibres include optical microscopy, 
surface probe microscopy such as atomic force microscopy (AFM) and electron microscopy.  
Optical microscopy, in particular confocal reflection microscopy or fluorescence microscopy, 
may over-estimate fibre diameters due to light diffraction (Pedersen and Swartz 2005). 
Meanwhile optical imaging may fail to detect gaps between fibres and under-estimate the 
number of fibres, because the diffraction limit makes it impossible to differentiate fibres which 
are less than 500 nm apart from each other. Such resolution is not sufficient to quantitatively 
characterize collagen matrix microstructures.  
AFM provides a high resolution topography image for relatively thin samples on a stiff 
substrate. But the collagen matrices in our study were a few hundred of microns thick, and the 
fibres in the collagen matrices were only loosely connected. Such fibre matrix may collapse 
during scanning with AFM. 
Here, we made use of electron microscopy, and obtained scanning electron microscopy (SEM) 
micrographs of dehydrated, gold nanoparticle-coated collagen matrices with a QUANTA FEG 
200 scanning electron microscope (FEI, Hillsboro, OR, US). 
Because the samples are under high vacuum in the SEM chamber, we removed water content 
from the samples after cross-linking of the proteins in gels. The first step of dehydration is 
immersing samples in ethanol / DI H2O solutions of an increasing ethanol concentration 
gradient, until water is fully replaced with ethanol. The second step is to completely remove the 
ethanol from samples. There are two commonly adopted methods to do that under the room 
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temperature. One is to evaporate the ethanol under vacuum overnight, and the other is to dry the 
sample in a critical point drying (CPD) facility. Unlike vacuum drying, CPD circumvents a 
sharp liquid-gas phase transition to avoid microstructure damage induced by surface tension 
when the liquid withdraws from the porous matrix. The critical point for carbon dioxide is as 
low as 31°C under 7 MPa pressure, making it a good liquid to CPD the collagen samples. The 
CPD procedures include replacing ethanol with high pressure liquid carbon dioxide, creating 
high pressure and high temperature to bring carbon dioxide above its critical point, and 
gradually reducing pressure to allow the gas to escape.  
Each sample was fixed onto a metal specimen holder with double-sided carbon tape and 
mounted inside a JFC-1600 fine coater (JEOL, Tokyo, Japan).  To enhance sample 
conductivity, gold particles of nm size were sputtered at 10 mA for 90 seconds to be uniformly 
coated onto the dried surface of matrix.  
The diameters and pore sizes of the collagen fibres were measured on the basis of SEM images, 
using image analysis software ImageJ. 
3.4 Microscopy methods for cell migration study 
3.4.1. Imaging and tracking cells 
After 4–5 days of growth in the 3D collagen prepared as described in Section 3.2, cells escaped 
from the original cell-seeded region, overcame the energy barrier at the two-gel interface, and 
migrated into the outer acellular gel. In the following two weeks, cells horizontally spread into 
a circular ring-shaped region of 3D gel through their individual movement. With this radial 
invasion, cells reached 2.5–3.0 mm outward from the two-gel interface over 13 days. Figure 
3.3Figure 3. shows the overview of cell distribution.  
To obtain precise locations of individual cells in a 3D space at each time point during 
migration, live fluorescence cell labelling was applied in order to enhance the resolution of 
cells during confocal microscopy. In the gel, cells were incubated in media with 5 µM 
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fluorescence CellTracker dye CMTMR (Molecular Probes, Life Technologies, the former 
Invitrogen) for 30 mins, and the dye was washed away by two changes of PBS incubation for 
10 mins each.  
 
 
Figure 3.3. Phase contrast image of cell distribution in a nested collagen gel after 12 days, 
showing cells spreading out from the inner-gel (the dashed line enclosed area) to the 
surrounding, originally cell-free outer gel (scale bar = 200 µm) both of which were grafted in 
glass bottom well. Brighter areas are occupied by cells, while the darker regions on the 
peripheral indicate the collagen gel region that is cell-free. Each rectangle represents a 
field-of-view during confocal imaging. The arrows point to the dominant directions of cell 
movement in the respective rectangular field-of-view.   
Cells were imaged in 3D collagen hydrogel using 20× dry Apochromatic lens (NA = 0.75) on 
an inverted microscope, Nikon TE2000-EZ C1 system (Nikon, Tokyo, Japan). Ten hours of 
time-lapse microscopy with 10 mins interval were conducted through transmitted light 
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microscopy and confocal laser scanning microscopy (CLSM), in an environment chamber 
maintaining 37°C and 5% CO2
We monitored cell migration on the front-line to capture the trajectories of leader cells. As 
indicated by the rectangles in Figure 3.3, we selected multiple areas of interest on the cell 
migration front, which were distributed around the circular periphery of the spreading 
population, with uniform angular intervals in between. The selection ensured that in the 
selected representative regions, we could monitor the cell migration which reasonably closely 
reflects the potential of cancer spreading. We selected regions on the peripheral of the cell 
population, because we found that the migration of leader cells contributed most to the 
spreading of the cell population. A motorized stage, Proscan II (Prior Scientific, Cambridge, 
UK) allowed for parallel monitoring of multiple regions of interest, each measuring 640 µm × 
640 µm.  
 atmosphere.  
Taking advantage of the optical sectioning function of a confocal microscope, we obtained a 
stack of 20–25 images at each area of interest with 5 µm vertical interval along the Z-axis. To 
avoid boundary effect on the gel, the Z-stack was selected such that the lowest frame was 50 
µm above the glass bottom of the dish. Each of the selected volumes-of-view was within the 
thickness that confocal system is able to obtain optimal image quality. For MDA-MB-231 cell 
morphology analysis, each 3D Z-stack of confocal images was projected to the X-Y plane using 
NIS-Elements (Nikon, Tokyo, Japan) so that the cell morphology can be compared with other 
studies based on wide-field imaging.  
For tracking cell migration quantitatively, X-Y-Z-t images were analyzed using 3D 
reconstruction and tracking function provided by Imaris® (Bitplane, Zurich, Switzerland). The 
tracking analysis starts from segmentation of the 3D and time-lapse images to determine cell 
positions in (t, X, Y, Z) coordinates. After the automatic cell detection, we manually checked 
the accuracy and eliminated non-cell particles or cellular protrusions that have been mistaken 
for cells. The cell identification procedure resulted in a data matrix composing triplets (X, Y, Z) 
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that best represents the individual cell location at each time step, t. Following that, the cell 
trajectories were formed by linking the positions of individual cells in the time sequence.  
As shown in Figure 3.4, the cell tracks are indicated by colour-coded curves. In this image, the 
majority of cells tended to migrate from the right to the left, where inner gel was located to the 
right of the imaged region. 
 
Figure 3.4. Imaris®
3.4.2. Cell track data analysis 
 obtained cell tracks. Red: cells. Track colours indicate the time point: as 
shown in the “Time” scale, dark purple labels the start of the entire period of tracking, while 








Figure 3.5. A schematic plot of cell track. Euclidian Distance (ED) is the length of the vector 
directly linking start and end of the cell paths, whereas Accumulative Distance (AD) is 
calculated by adding up the length of cell movement vector at each time step.  
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ED = ∆𝒓�⃗ = 𝒅𝒏�����⃗ − 𝒅𝟎����⃗ ; AD=∑ �𝒅𝒊+𝟏��������⃗ − 𝒅𝒊���⃗ �𝐧−𝟏𝐢=𝟎 , where 𝒊 is the time point, and 𝒅𝒊 is the cell 
location. 
Cell speed and cell track directionality are the two indices we used to characterize cell 
migratory behaviour.  
Cell speed  
Considering the population heterogeneity, we calculated cell speed based on each cell 
trajectory as illustrated in Figure 3.4. The track-averaged cell speed 
is 𝑆 = ∑ �𝑑𝑖+1�������⃗ − 𝑑𝑖���⃗ �𝑛−1𝑖=0 (𝑛 ∙ ∆𝑡)⁄ , where ∆𝑡 is the time interval, which is 10 mins in the current 
study. 
Cell track directionality 
There are two common methods to determine object movement directionality from the track 
data.  
Once the trajectory of an object is recorded over time, the mean speed S  and the 
mean-squared displacement,
 
( )τ2d ,can be derived as a function of time lag. The data can 
then be fit to the following statistical mechanics model (Zaman et al. 2007) to calculate the  
persistence time P2
〈𝒅𝟐(𝝉)〉 = 𝟐𝑺𝟐𝑷[𝝉 − 𝑷(𝟏 − 𝒆𝒙𝒑(−𝝉 𝑷⁄ ))],                        Equation (3.1 )  
.  
In occasions when cells move in a random-walk pattern, persistence time P, as defined in 
Equation 3.1, is often adopted as the movement directionality indicator (Raeber et al. 2005; 
Zaman et al. 2006).  
                                               
2  Dickinson R B, Tranquillo RT: Optimal Estimation of Cell Movement Indices from the 
Statistical Analysis of Cell Tracking Data. AIChE Journal 1993, 39: 1995-2010. 
Chapter 3 Materials and methods 
61 
 
The index measures how frequent the path turns and how much it turns away from the previous 
step. As a result, the persistence time P can be obtained, alternatively, by fitting the vectors of 
cell displacement during a series of time intervals to the velocity autocorrelation function, 
𝑮𝒗(𝝉) ≡ 〈𝒗(𝒕 + 𝝉) ∙ 𝒗(𝒕)〉, and 𝑮𝒗(𝝉) = 𝑺𝟐 ∙ 𝒆𝒙𝒑(−𝝉/𝑷)                Equation (3.2) 
However, persistence time P is better suited to characterise a movement without preferred 
direction, but less so for typical directional movement as we found in the current study. As a 
confirmation, we did a test and found that the cell track data yielded a poor fitting to Equation 
3.2 with small R-square values.  
Since the cell migration observed in the current study was in a radial spreading fashion, which 
resulted in a finally directional net translocation instead of random movement, we found an 
alternative method, by calculating a “straightness index”, to characterise the directionality of 
each cell track. In theory, a straightness index is computed as the ratio between the vector 
length from the starting point to the end and the accumulative path length that the object 
travelled to reach the end (Equation 3.3), as illustrated by Figure 3.5Error! Reference source 
not found.. The index measures the efficiency of an oriented movement (Benhamou 2004). For 
a random movement, the index is less accurate because its value approaches zero as the track 
duration goes to infinity (Beltman et al. 2009). But it is suitable to characterize cell spreading in 
a preferred outward direction, such as found in the current study. 
 k = ED AD⁄ = ∆D ∑ ∆=ni=1⁄                                            Equation (3.3)  
3.4.3. Statistical methods 
When the cell speed and straightness data were examined for normality, it turned out that 
neither fell into a normal distribution. Visual inspection on the shape of the cell speed and 
straightness histogram found long tails to the right, which suggests that the data was 
right-skewed. Next, tests using the “SKEW’ function in Excel® (Microsoft, Redmond, WA, 
USA), which characterizes the degree of asymmetry of a distribution around its mean, 
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confirmed positive skewness in every set of data. Normality tests proved that the data are 
indeed right skewed. Furthermore, through both Shapiro-Wilk test and Kolmogorov-Smirnov 
test provided by OriginPro 8.1 (OriginLab Corporation, Northampton, MA, USA), we found 
that at 0.05 confidence level, the cell speed or straightness index data was not significantly 
drawn from a normally distributed population.  
This thesis work requires finding the influence from mechanical factors or the effects from drug 
treatments, which is to be detected from the differences in cell migration behaviour. For that 
reason, statistical tests to compare cell speed and straightness data obtained from different 
conditions are necessary. Since the data are not normally distributed, two-sample t-test or 
ANOVA is not applicable. Instead, two-sample Kolmogorov-Smirnov (K-S) tests were 
conducted using MATLAB (The MathWorks, Inc., Natick, MA, USA). Moreover, we 
visualized the data distribution by plotting relative frequency distribution histograms of cell 
speed and straightness using Excel®, as well as the box-whiskers graphs using OriginPro. The 
box-whiskers plots are able to show not only the mean, median, 1st and 3rd quartile, 1st and 99th
Besides the medians, we also evaluated the 99
 
percentage data values, they can also show the values of all outliers. Since we sampled at least 
450 cells for each condition of assays, these sample statistics are reasonably good estimations 
of the data. Placing these plots in parallel is helpful for identifying differences between data 
sets. The plots will be presented and discussed in Chapter 5. 
th percentage and highest data values while 
analyzing the cell speed and track straightness results. The reason why we inspected data on the 
highest end is that fastest migrating cells have special significance in cancer metastasis. 
Regardless of the average cell motility, metastasis occurs as long as a few cells have managed 
to migrate and proliferate successfully (Irimia and Toner 2009). In view of this, it is important 
not only to evaluate the anti-migratory drugs by the effects on average cell migration but also to 
assess how much the most motile cells are inhibited.  
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3.5 Summary of the chapter 
In this chapter, we explained the criteria for selecting materials and detailed protocol to build 
and characterize the gel system for 3D cell invasive migration. MDA-MB-231 cells – seeded 
collagen-I gel was selected, because the model is suited for the objective of the current study.  
Modifications were made to the “nested collagen system” that has been reported in the 
literature (Grinnell et al. 2006; Provenzano et al. 2008), to sustain MDA-MB-231 cell 
migration in the long term. The current model can provide reproducible migration assay results 
from the 7th to the 16th
Based on the absolute coordinates in each field of view, the cell positions were recorded in 
3D space. The absolute cell movement was then calculated. Since there was no global 
deformation of the collagen gel, the absolute cell movement in the coordinates of each image 
space is equivalent to the cell movement relative to the gel. Therefore, our cell migration data 
reflect how cells moved relative to the ECM system, which is an important indication of      
cancer metastasis. 
 day, as shown in Appendix A.  
For mechanical characterization and microstructure analysis of collagen-I hydrogel, we also 
had special remarks on rheometer measurement and SEM sample preparation methods.  
Lastly, we defined indices to quantify cell migration using raw cell track data. Since normality 
of the data was tested to be negative, t-test and ANOVA were excluded and non-parametric 
statistical analysis methods were selected instead. 
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Chapter 4: Mechanical Modulation of the Collagen 
Gel Matrix 
Differences in ECM mechanics relate to the property and function of natural tissues of 
different organs. For example, brain tissue is so soft that it allows plenty of neuron 
generation, muscles must be strong enough in order to sustain mechanical load when 
activated, and bone tissues are the hardest as they form the skeleton to bear the body weight. 
Tissue mechanics has been found to determine the fate of stem cells differentiation (Engler et 
al. 2006), solid tumour malignancy progression (Paszek et al. 2005), cancer cell migration 
(Zaman et al. 2006) and angiogenesis (Yamamura et al. 2007). Tissue mechanics is an 
important marker in the detection of breast cancer, because denser-than-normal tissue is a 
typical feature during mammography examination for breast cancer. In a recent study, the 
mechanotransduction pathways for malignancy development were uncovered, after denser 
collagen-matrix was found to induce proliferation and invasion of non-transformed mammary 
epithelial cells (Provenzano et al. 2009).  
Considering that breast cancer cell phenotype and behaviour are largely matrix-dependent 
(Castello-Cros et al. 2009), and cell migration is determined by the pore-size and stiffness of 
ECM network as discussed in Chapter 1, we created reconstituted collagen models with 
different microstructures and mechanical properties to assess anti-metastasis drugs. 
4.1 Modulation of bulk elasticity of the gel 
Through varying collagen concentration and adjusting pH condition during collagen gel 
polymerization, we achieved a range of elastic modulus, from a few Pa to 100 Pa, measured 
from a whole piece of 3D collagen.  




Figure 4.1. (A) Storage modulus G’; (B) loss modulus G”; (C) phase angle δ (tan δ = G”/G’), 
obtained from the frequency sweep in rheometer measurement, with three concentrations of 
collagen-I gel prepared in the three pH conditions as indicated in the legend. It was measured 
at a constant strain of 0.1, and the angular frequency ranged from 2π  ×10-3 
Bulk mechanical characterization of the collagen-I hydrogel suggests that the variations of 
collagen a) concentration and b) polymerization pH condition modify the elasticity of the gel. 
In general, the gel becomes stiffer as the concentration rises or the pH value during 
to 100 rad/s. 
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polymerization increases. Under neutral condition, increasing collagen concentration to 4.0 
mg/ml produced gels with elastic modulus of an order higher than the gels of 1.5 mg/ml 
collagen concentration. Using the same concentration of collagen-I protein while increasing 
pH value during gelation process, we obtained collagen hydrogels with different levels of 
stiffness. The curves in Figure 4.1 show that the gel stiffness increased by an order, when 
polymerization pH varied from 6 to 9.  
As a consequence, by adjusting the two conditions to compensate each other, we can achieve 
similar mechanical property in the gel with different combinations of concentration and pH. 
For example, as indicated by the plots in Figure 4.1, the pH7 - 1.5 mg/ml gel and pH6 - 2.5 
mg/ml gel yielded similar mechanical property, in terms of G’ and G”.  Phase angle was 
analyzed to reveal the level of entanglement, or cross-linking of the polymer gels.  
4.2 Non-linear elasticity of collagen 
Because we observed that cells deform the gel through contractile forces, we speculated that 
deformation may alter gel mechanical property. We then next investigated non-linear 
elasticity of the gel. A “strain sweep” in the rheometer testing under the angular frequency of 
1 rad/s revealed an increase of collagen gel elastic modulus along with strain levels (Figure 
4.2), as defined by strain-stiffening effect, which strengthens the gel along the direction of 
principal strain.  
The curves in Figure 4. show that strain-stiffening effect varies much more with the 
polymerization condition than the concentration of collagen, indicated by how fast the gradient 
of curves increases with the strain.  In addition, Figure 4.3 shows that strain-stiffening effect 
starts at different strain levels, as polymerization condition changes. 
 




Figure 4.2. Strain-stiffening effect, as indicated by storage modulus G’, under the rotational 
measurement at an angular frequency of 1 rad/s.  (A) When the gel polymerized under 
neutral condition, strain-stiffening effect was more pronounced comparing to that under a 
slightly acidic condition. (B) Strain-stiffening effect was even more pronounced when the gel 
polymerized at a slightly basic condition, since curve “pH9 - 2.5 mg/ml” is below curve “pH7 
- 4 mg/ml” when the strain is less than 10%, but it exceeded the latter when the strain is above 
10%. (C) For gels prepared at the same pH condition but with different levels of collagen-I 











































Figure 4.3. The strain levels when strain-stiffening effect starts. 
Table 4.1. The list of parameter values in the exponential models that G’ data were fitted 
with. 
Condition α(Pa) β(-) R
pH6 - 2.5  mg/ml 
2 
5.20 0.8 0.96 
pH7 - 2.5 mg/ml 17.1 1.918 0.98 
pH9 - 2.5 mg/ml* 37.0 7.395 0.96 
pH7 - 1.5 mg/ml 4.04 4.425 0.99 
pH7 - 4.0 mg/ml 56.8 0.872 0.97 
The data were fit to G′ = αeβε, where G’ is the storage modulus (Pa) and ε is the strain.  
*:the curve beyond strain = 0.3 suggests failure in the gel-rheometer plates connections, so 
the model-fitting was based on the data corresponding to strain = 0.03 – 0.3. 
 
Considering the large variety of mathematical models of strain-stiffening reported in literature 
(Fung 1993), we determined parameters for the current empirical G’-ε model through curve 
fitting. As Figure 4.2 indicates that small strains do not trigger stiffening of the gel, we 
neglected the initial potion of data in each curve in Figure 4.2 that does not conform to the 
trend, when we fitted the data with linear, power, polynomial and exponential models, 
respectively. We found that exponential model yielded the best fit as shown in Table 4.1. A 
comparison of the exponential power, β, shows that the power is higher for gels of lower 
collagen density or polymerised at higher pH condition, suggesting that these gels are more 
likely to undergo strain-stiffening.  
In theory there are two mechanisms underlying polymer gel strain-stiffening: 1) semi-flexible 
polymer mechanics, which focuses on polymer chain straightening that induces changes in 
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individual fibre conformational entropy; and 2) fibres reorientation induced organization of the 
3D fibrous network. Under increasing strains, collagen fibre network may undergo a sequence 
of processes, starting from either 1 or 2 and followed by the stretching of individual fibre. 
Although there are two proposed reasons for strain-stiffening under small strain, which one 
dominates depends on how flexible individual fibres are as compared to the mesh size, which is 
measured by the ratio between persistence length of the polymer fibres and the distance 
between cross-links within the network (Kang et al. 2009). These processes are reflected in the 
elastic modulus vs. strain curves obtained from shear testing (Figure 4.2), by a gradual increase 
of elastic modulus under smaller strain and a steep rise under larger strain, as can be fitted with 
the exponential models. We speculate that the segment of curve with small gradient 
corresponds to fibre reorientation and the segment with larger gradient probably indicates fibre 
buckling and stretching.  
The strain-stiffening has important implications for cancer cell migration in 3D collagen, 
because up to 35% strain can be induced by migrating fibrosarcoma cancer cells in 2 mg/mL 
collagen gel (Bloom et al. 2008). In fact, 35% strain is large enough to cause strain-stiffening in 
all the gel conditions in the current study. So we infer that in the context of cancer cell-induced 
collagen gel deformation, strain-stiffening is expected and is primarily attributed to 
micro-structural reorganization of collagen fibres in the network. 
Similar events have been reported with fibroblast-induced matrix mechanical loading (Brown 
et al. 1998), termed as “pre-stressing”, which not only stiffens the gel but also makes the gel 
deform in a more bulk-affine manner (Pedersen and Swartz 2005).  
4.3 Micro-architecture of collagen matrices 
Learning that stiffness of individual collagen fibres and mesh size together determine the 
mechanical property of collagen gels, analyzing polymer micro-structure is helpful for tuning 
the gel mechanics. First, fibre thickness is positively correlated to the network stiffness, 
primarily because the single fibre stiffness increases with fibre thickness. Meanwhile, a higher 
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fibre network density leads to a stiffer gel. However, the two factors complement each other, as 
a denser meshwork of thinner fibres has been shown to result in a softer gel (Ryan et al. 1999).  
We next took SEM images to examine the micro-architecture of the collagen-I gel prepared at 
different conditions. High resolution SEM is able to reveal details of each individual collagen 
polymer and the network organization after dehydration, i.e., removing the water content, 
which makes up 99% of the hydrogel. The two methods of dehydration: vacuum drying and 
critical-point drying have been explained in details in Chapter 3.   
4.3.1. Dependence of collagen fibril thickness on polymerization pH 
We first conducted imaging and fibre thickness measurement using samples prepared by 
vacuum drying. SEM images in Figure 4.4 show that the self-assembly of collagen fibres 
resulted in a small number of thicker fibres (up to 200 nm in diameter) and a majority of fibrils 
which are below 100 nm thick. In general, the fibre thickness is more uniform when the gel was 
polymerised in neutral conditions, whereas some thicker fibres formed at pH6 and some thinner 
fibrils formed at pH9. 
The collagen fibre thickness was determined from SEM images and plotted into distribution 
density histograms in Figure 4.5. Compared with other conditions, there is a left-shift of the 
histogram representing samples formed under higher pH, which shows the highest 
fibre-thickness and the proportion of thicker fibres both declined as pH increased. The average 
fibre thickness in Figure 4. also showed a clear trend of decrease in fibre thickness along with 
rising pH, and each condition differs from the others significantly. 
There are studies indicating that collagen gelation pH affects the micro-architecture of 
collagen-I network whereby the self-assembled fibres were thinner and the interconnected 
network was finer in a basic condition, and thicker fibres formed sparser network in a slightly 
acidic condition (Yamamura et al. 2007). The current results are consistent with the previously 
reported findings. 












Figure 4.4. SEM images of 2.5 mg/ml collagen polymerized at a range of pH conditions. (A)  
pH6. There are some thicker and long fibres (yellow arrow head). (B) pH7. Fibres are of 
intermediate thickness and formed a randomly organized network. (C) pH9. Thin fibres 
formed a network of high mesh density.   
 
Figure 4.5. Histograms of fibre thickness distribution, corresponding to samples obtained at 
collagen concentration = 2.5 mg/ml and pH= 6, 7, 9, respectively. 
 




Figure 4.6. Effects of pH on average fibre diameters (bars indicate standard deviations), 
which decreased as pH increased. Collagen concentration = 2.5 mg/ml. The three conditions 
differ from each other significantly (*: p< 0.001). 
4.3.2. Pore-size of the collagen network  
We next adopted critical-point drying to prepare collagen samples for SEM, and obtained 
different features in collagen micro-structure as shown in Figure 4.7, as compared to Figure 4.4. 
Firstly, the fibres were much thinner than that in the vacuum-dried samples, and the thickness 
did not seem to vary across all conditions. But pore-sizes showed certain dependence on the 
conditions, i.e., the percentage of large pores (Feret’s diameter > 1μm) seemed to decrease with 
the rise of pH or collagen concentrations, as shown in the zoom-in (Chart B) of Figure 4.8 and 
Figure 4.9Figure 4.. Here, Feret’s diameter3
                                               
3 http://rsbweb.nih.gov/ij/docs/menus/analyze.html 





























Figure 4.7. SEM images showing collagen micro-structure. Magnification = 20k. Samples 
were prepared with 3 levels of collagen concentration and 3 pH conditions during 
polymerization, i.e., (A) pH7 - 1.5 mg/ml, (B) pH7 - 2.5 mg/ml, (C) pH7 - 4 mg/ml, (D) pH6 
- 2.5 mg/ml, (E) pH9 - 2.5 mg/ml.  
On cell migration in 3D gel, the pore-size of ECM has a twofold effect. Besides determining gel 
stiffness which may, in turn, affect cell migration, it also directly influences cell motility 
through confining cells in 3D (Irimia and Toner 2009; Raeber et al. 2005).  We must also 
recognize that the in vivo micro-architecture of collagen-dominant tissues is highly 
heterogeneous. In tissue biopsy samples, the spacing between fibres may vary significantly 
within a piece of 100 μm-thick connective tissue, and the size of “collagen-free” areas spanned 
from 10 to 1000 μm2, as determined from Second Harmonic Generation images (Wolf et al. 
2009a).  
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Samples prepared with critical-point drying SEM images indicate that the collagen matrix 
pore-size does not seem to vary significantly across gel conditions. However, It is important not 
to neglect the artefacts introduced by sample preparation for SEM, including the fixation and 
dehydration procedures (Pedersen and Swartz 2005).  
 
Figure 4.8. (A) Histograms of the pore-size distribution of 1.5, 2.5 or 4.0 mg/ml collagen 
matrix polymerized at pH7. (B) Enlarged section of histogram corresponding to pore-size 
above 1 µm. Only the proportions of large pores varied with gel concentration. Feret’s 
diameter of each pore was measured from segmented SEM images, and is determined as the 
diameter of the smallest circle that can contain each pore.  




Figure 4.9. (A) Histograms of the pore-size distribution of 2.5 mg/ml collagen matrix 
polymerized at pH6, 7 and 9, respectively. (B) Enlarged section of histogram corresponding to 
pore-size above 1 µm. Only the proportions of large pores varied with gel polymerization 
conditions. Feret’s diameter of each pore was measured from segmented SEM images, and is 
determined as the diameter of the smallest circle that can contain each pore.  
4.4 Discussion 
In this chapter, we achieved a range of mechanical property through adjusting collagen 
hydrogel conditions. With the ability of mechanical tuning, we can better simulate the 
heterogeneous loose connective tissues in the body. It has important implications to 
anti-metastasis drug testing, as tissue mechanics may be a confounding factor for drug effects. 
We can then test cancer cells under these fine-tuned mechanical contexts to evaluate the drug 
effects, and eventually achieve a comprehensive assessment of the effectiveness of drugs.  
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There are several methods that can obtain desired collagen network micro-structure and 
mechanical property in laboratory settings. Since the methods must be compatible with cell 
culture conditions, we carried out the mechanical modulation through varying the 
concentrations and polymerization pH of the outer 3D collagen gels, which was not seeded with 
cells initially. Here, we tested three levels of collagen concentration, i.e., 1.5, 2.5 and 4.0 
mg/ml, along with three polymerization pH conditions, i.e., pH = 6, 7.4 and 9. The bulk 
mechanical characterization of the collagen-I hydrogel suggests that the variations of collagen 
concentration and polymerization pH condition are practical approaches to adjust the elasticity 
of the gel. In general, the gel becomes stiffer as the concentration goes up or the pH value is 
elevated during polymerization.  
The reason why we adjusted collagen polymerization pH was to partly decouple the effect of 
biochemical and mechanical factors that are involved in cell migration. In this experiment, we 
were able to tune the storage modulus of collagen gel by more than an order of magnitude with 
constant molecular composition, thus causing minimal changes in the density of cell adhesion 
ligand presented in ECM. Meanwhile, we can produce similar mechanical property in the gel, 
with different molecular concentrations, so that we can detect purely mechanics-dependent 
phenomena. For example, as indicated by the plots in Figure 4.1, the pH7 - 1.5 mg/ml gel and 
pH6 - 2.5 mg/ml gel yielded similar mechanical property, in terms of G’ and G”.   
However, we are not able to decouple the matrix mechanical property and matrix 
micro-architecture. The five conditions of collagen-I gel yielded different proportions of pores 
with diameters above 1 µm, as shown in Figure 4.8 and Figure 4.9. Interestingly, the stiffer gels 
also have fewer pores of diameters above 1 µm.  
Considering the dimension of the finest collagen matrix organization is an order smaller than 
cells, the bulk mechanical properties can be reasonably extended to the scale of a cell. 
There are some uncertainties in the micro-architecture study, though. Due to the limitations of 
SEM techniques and sample preparation approaches, the fibre micro-architecture and matrix 
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pore-size we obtained from the two methods were not entirely consistent. We were not sure 
which methods preserved the micro-structure of the collagen fibres better, until we can find 
additional approaches to verify. Consequently, the SEM images we obtained were not suitable 
for accurate measurement of collagen pore-size, thus we did not perform quantitative analysis 
regarding the collagen matrix micro-structure, although stereological techniques may help to 
derive 3D pore-size from 2D images. 
Since the pore-size of 3D collagen matrix is another important factor determining the pattern of 
cell migration, as reviewed in Chapter 1.3, in Chapter 5, we will interpret the cell migration data 
through combined influences from stiffness and pore-size of the matrix. Considering the 
limitations in pore-size measurement, the cell motility indices will be compared with collagen 
stiffness but not the pore-size. 
The coupling of matrix mechanical property and matrix micro-architecture has intrinsic 
reasons. The collagen network structure is one of the factors that determine the overall matrix 
mechanical property. Theoretically, a denser meshwork results in a gel that has higher 
mechanical strength, which was proven by our data. Although increasing protein concentration 
does not noticeably alter fibre thickness (Roeder et al. 2002), the fibre network density is 
positively correlated to collagen protein concentration so that fibre spacing is proportional to 1 √𝑐⁄ , where 𝑐 is the collagen concentration (Saltzman et al. 1994).  
The findings on strain-stiffening effect suggest that the deformation of the collagen gel may 
increase gel stiffness along the principle strain, especially for the gels of lower collagen density 
or polymerized under slightly acidic conditions.  
The onset strains of strain-stiffening effect seemed to correlate well with the collagen fibre 
thickness. For example, in collagen networks formed in slightly acidic condition, the fibres 
were thicker and strain-stiffening only occurred as strain exceeded 20%, as compared to the 
onset of strain-stiffening at 5% strain, in gels formed in slightly basic conditions.  
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Chapter 5: 3D Cell Migration and Drug Effects 
As we are able to prepare outer gel with five different conditions as described in Chapter 3, and 
each condition corresponds to a certain mechanical property as shown in Chapter 4, we expect 
to see different migratory characteristics when cells start to spread into each outer gel. The first 
part of this chapter will discuss the innate cancer cell migration behaviours in various collagen 
gel conditions, referred to as “control” herein after, using matrix physical property as the 
independent variable. The following four sections will report the comparison of cell migration 
between control and drug-treated cases, using both drug treatment and matrix property as two 
independent variables. We will select four well-studied pharmacological interventions to 
inhibit some key molecular processes that contribute to cell migration. Each of these drugs is to 
represent a range of therapeutic agents of similar targets, considering that this assay may have 
broader applications. Table 5.1 indexes every assay condition (1 – 20) according to the 
sequence of the experiments. 
Table 5.1. Case index of migration assays. 




















GM6001 1 2 3 4 5 
Y-27632 6 7 8 9 10 
Cytocha- 
lasin D 11 12 13 14 15 
Nocodazole 16 17 18 19 20 
*: c refers to the control experiments, which were run immediately before or after the 
corresponding drug assays. For example, Case 1c matches with Case 1 which represents the 
assay assessing the effect of GM6001, while both control and drug assays were conducted in 
pH9-2.5 mg/ml.  
5.1 Innate cell migration  
When samples were maintained in cell culture medium with 10% FBS, the cell movement were 
monitored under confocal microscope and tracked using Imaris® as described in Chapter 3. 
From the cell movement trajectory vectors in 3D space, we analyzed cell migration speed and 
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directionality on a track-averaged basis to derive the following quantitative results. Although 
the data were not presented in the form of 3D vectors in the thesis, the two scalar indices, i.e., 
speed and track straightness index, were calculated from 3D vectors.  
Two-sample paired Kolmogorov-Smirnov (K-S) tests showed that the cell speed data obtained 
from different collagen gel conditions were from different distributions, except for the pair 
“pH7 - 1.5 mg/ml – pH6 - 2.5 mg/ml”, which were found not to statistically differ as the critical 
p-value exceeded 0.1. The test results are listed in Appendix B. 
The K-S test only indicates differences but is not able to tell how each group of data differ from 
the others. For a comprehensive comparison between conditions, descriptive sample statistics 
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). Here we selected distribution density histogram plots (A) to show the overall trend of data 
distribution and box plots (B) to show data in the tails. In the context of cancer metastasis, 
considering the critical value of the most motile cells, it will be important to examine the right 
tails in each condition, measured by the value of 99 percentage data. 
A comparison of the histogram plots in Figure 5. 1Error! Reference source not found.A 
confirmed the conclusions from the statistical tests, because the curves representing the pair 
“pH7 - 1.5 mg/ml – pH6 - 2.5 mg/ml” are almost completely overlapping each other, but other 
curves are differentiable. Besides, the distribution histograms can reveal more details. For 
example, the peak speed in 4.0 mg/ml collagen is 7.2 µm/hr, while the peak speed is 10.8 µm/hr 
in other conditions. The left-shift of the peak speed indicates a higher proportion of low speed 
tracks found in 4.0 mg/ml collagen. Besides, in the range of 15 – 30 µm/hr, pH7 - 1.5 mg/ml 
and pH6 - 2.5 mg/ml resulted in the highest percentage of cell tracks, followed by pH7 - 2.5 
mg/ml & pH9 - 2.5 mg/ml whereas pH7 - 4.0 mg/ml have the lowest percentage of tracks. The 
plot in Figure 5. 1C revealed a negative correlation between the cell speed and elastic modulus, 
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Figure 5. 1. Statistics of cell speed in control conditions. Data from assays performed in 
identical ECM conditions were clustered together for analysis. For example, pH9-2.5 mg/ml 
is the collection of all control tests using gels of 2.5 mg/ml collagen polymerized at pH9, 
including 1c, 6c, 11c and 16c in Table 5.1.  (A) The overall distribution of cell speed data. 
Relative frequency distribution histograms show the proportion of cell tracks with a certain 
track-average speed. The legend encodes polymerization pH and collagen concentration in 
mg/ml, referring to cases with different collagen protein concentrations, or with a constant 2.5 
mg/ml collagen concentration but polymerized under different pH conditions. Most curves 
differ from one condition to another, except for the pair “pH7-1.5 mg/ml – pH6-2.5 mg/ml”. 
(B) Cell speed box plot. The crosses inside the diamonds indicate the mean of each condition, 
while stars and “×” signs mark the positions of 99 percentage and 1 percentage data, 
respectively. The dots above the stars and below the “×” signs are the values of the highest 1% 
and the lowest 1% data, respectively. The same applies to all the following box plots for cell 
speed. The dotted curve suggests 99% of cell speeds are negatively correlated to collagen gel 
stiffness. (C) Cell speed mean and median plot. The error bars for the means indicate 
population standard deviations. The trend-line suggests slight decrease of mean cell speed 
along with elastic modulus. Hereinafter, “linear elastic modulus” refers to the G’ measured in 
the linear range. (D) The 99th percentile value of cell speed vs. gel elastic modulus. The 
trend-line suggests the fastest migrating cells decreased speed in stiffer gels. 
Next we compared the data that represented fastest cells in each condition using the dot plots 
(Figure 5. 1B).  Both the top 99 percentage as well as the highest data value are lower in pH7 - 
4.0 mg/ml collagen gel compared to the other groups. Figure 5. 1D also suggests that the top 99 
percentage of cell speed values decreases with the increase of gel storage modulus as measured 
in Chapter 4.   
We noticed these malignant cancer cells migrated in a radial direction, spreading from inner 
gel into outer gel. There might be multiple mechanisms driving such radial cell spreading. The 
first speculated factor might be chemotaxis, considering that cells might migrate towards a 
higher level of growth factors that were borne by serum and diffused into the gel from outside 
in. Secondly, oxygen, nutrients, and growth factors were consumed faster in the regions 
populated with cells. As a result, cells were likely to migrate against the gradient of nutrients, 
causing the spreading into cell-free regions. We also observed significantly higher levels of 
horizontal cell migration, as compared with that along Z-direction. Non-isotropic mechanical 
support to the gel for resisting cell-induced deformation might account for that, considering 
that mechanical anchorage and support has been proven to be critical for contractile cell 
migration (Grinnell et al. 2006; Provenzano et al. 2008). Although the bottom and the 
peripheral of the gel were adhered to the dish, the top of the gel is exposed to liquid media. 
Chapter 5 3D Cell Migration and Drug Effects 
85 
 
When cells attempt to contract the gel along Z-direction, the gel will deform freely, thus 
unable to store elastic energy. However the storage and release of elastic energy are critical to 
cell contractile migration. The cell migration directionality was measured by track straightness, 
as described in Chapter 3. When cell migration straightness data obtained from different 
collagen gel conditions were compared in pairs using two-sample K-S test, most pairs of data 
were from different distributions, except for the pair “pH7 - 2.5 mg/ml – pH6 - 2.5 mg/ml”. The 
tests results are found in Appendix B.  
The histogram plots in Figure 5. 2 A  suggest findings similar to the statistical test. First, the 
curves of pH7 - 2.5 mg/ml and pH6 - 2.5 mg/ml are very close to each other. Second, with a 
majority of data in the range of low straightness (≤0.3), the curve of pH7 - 4.0 mg/ml differs 
most from other curves, which means cell migration straightness was undermined in the matrix 
of high collagen density. Similarly, Figure 5. 2C suggests that straightness dropped in gels of 
higher stiffness, although the difference is not significant, considering the large population 
variance among cells. 
Consistent conclusions are drawn from the box plots, too. In Figure 5. 2B, the top 99 percentage 
track straightness data of pH7 - 4.0 mg/ml are about 20% to 30% lower compared to the other 
groups, whereas top 99 percentage data of pH9 - 2.5 mg/ml are around 10% lower than the three 
conditions on its right. The boxes representing pH7 - 2.5 mg/ml and pH6 - 2.5 mg/ml are almost 
identical, even including the extreme data points. Figure 5. 2D helps to visualize the trend how 
the straightness decreased with gel elastic modulus.  








































Figure 5. 2. Statistics of cell directionality in control conditions. Data were collected with the 
same methods as that in Figure 5. 1. (A) Distribution histograms of track straightness index 
(as defined in Chapter 3.4.3) obtained from cases with different collagen protein 
concentrations, or with a constant 2.5 mg/ml collagen concentration but polymerized under 
different pH conditions. (B) Cell track straightness index (0 – 1) box plot. The crosses 
indicate the means, while stars and “×” signs mark the positions of 99 percentage and 1 
percentage data, respectively. The same applies to all the following box plots for cell track 
straightness. The dotted curve suggests that 99 percentage of cell track straightness data are 
negatively correlated to collagen gel stiffness. (C) The mean and median of cell track 
straightness index. The trend-line suggests a biphasic dependence of straightness on gel 
elastic modulus. (D) The 99th percentile value of cell track straightness vs. gel elastic 
modulus. The trend-line suggests that straightness decreased with gel elastic modulus, 
particularly in stiffer gels. 
 
We compared the current results with the previously reported findings on matrix 
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onto stiffer substrates (Lo et al. 2000). In a 3D MatrigelTM
The speed or straightness of those most motile cells, indicated by the 99
 model, a biphasic correlation 
between cell speed and matrix stiffness was identified in a recent parametric study (Zaman et al. 
2006). However, we found a negative correlation between collagen gel stiffness and cancer cell 
dissemination potential that is characterized by the speed of the fastest cells in each condition. 
There may be multiple reasons. First of all, collagen matrices pore-size is a confounding factor. 
Collagen network density is positively linked to the stiffness, as discussed in Chapter 4. 
However, denser matrices impose greater physical barriers to cells that migrate in a 3D 
confinement, and this additional dimension of confinement does not present in the 2D case. 
Consequently, it is not surprising to see cancer cells move slower in matrices of high density.  
th
The other four gel conditions seem to have produced minor differences in cell migratory 
behaviour. Despite that the high-end speed or track straightness suggest a positive link with the 
gel stiffness (Figure 5. 1D and Figure 5. 2D), the respective histograms are mingled together in 
Figure 5. 1A and Figure 5. 2A. The reason why cancer cell migration is only slightly affected by 
matrix stiffness in the current study may relate to the fact that some cellular mechanisms that 
have enabled cancer cell invasive migration in 3D matrix also alter the collagen matrix 
properties. One of the speculations is that the non-affine collagen matrix mechanics allow for 
non-elastic and irreversible matrix deformation caused by cell contraction (Ulrich et al. 2010). 
The cell-induced alterations in matrix structure and, possibly, alterations of matrix mechanical 
property on a local scale may partly account for the weak dependence of cell migration on the 
initial stiffness of collagen matrix. Since non-affine collagen deformation and cell-induced gel 
contraction both present in the current study, similarly, changes in gel stiffness are expected. 
Our rheometer measurement results in Chapter 4 showed that increased shear stress stiffened 
collagen gel. Under 47% strain, pH6 - 2.5 mg/ml gel showed a 20% increase in the storage 
modulus, while the pH7 - 1.5 mg/ml and pH9 - 2.5 mg/ml gel showed 400% increase. Similarly, 
 percentile data, 
showed the same trend with the mean values when they are compared with gel mechanical 
property. 
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20% strain caused the storage modulus of pH9 - 2.5 mg/ml gel to increase by 200%. As 
discussed in chapter 4, migrating cancer cells may induce up to 35% strain in collagen-I matrix 
(Bloom et al. 2008). Using a similar cell-collagen model, it is expected that cells may alter the 
matrix mechanics during migration thus creating a microenvironment different from the initial 
mechanical conditions before cell invasion.  
Matrix factors other than mechanics, such as nutrients/oxygen supply, cell adhesion ligand 
density and its spatial distribution may also influence cell migration behaviour. Moreover, the 
matrices may be remodelled by migrating cells through the enzymatic degradation of collagen 
polymers and the deposition/translocation of ligand by migrating cells. When cells migrate 
through an area of collagen, they might leave a biochemically modified microenvironment for 
the following cells that come to this region afterwards. Consequently, correlations between the 
cell migratory behaviour and the initial matrix property may be weakened by any of these 
factors.  
However, pharmacological interventions of cellular mechanisms not only directly influence 
cell migration, but they also undermine the effective modifications of ECM. The cell migration 
after drug treatment may show a different relationship with ECM conditions. Sections 5.2 – 5.5 
will report the results of drug-inhibited cancer cell migration and section 5.6 will discuss on the 
results obtained. 
5.2 MMP inhibition by GM6001 
As introduced in Chapter 1, cells can degrade ECM proteins when cell migration is substantial 
confined by the ECM barrier. The digestion of the fibrous extra-cellular matrix (ECM) 
components requires proteolytic functions of a family of zinc-containing enzymes, termed as 
matrix metalloproteinases (MMPs). MMPs are up-regulated in most types of cancers (Egeblad 
and Werb, 2002), and are often indicating malignancy. MMPs could be either secreted or 
recruited by cells and they become active once bond to the plasma membrane (Karp 2008). We 
selected GM6001 to interfere with the degradation of ECM, since GM6001 is a broad-spectrum 
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MMPs inhibitor, with proven effects on multiple MMPs including Human MMP-1, MMP-3, 
MMP-2, MMP-8 and MMP-9. GM6001 is shown to limit cell migration in 3D models in vitro 
(Rowe et al. 2009; Sabeh et al. 2009). 
We introduced 25 µM (the highest level of concentration recommended for tissue culture, 
(Millipore 2008)) of GM6001 to the media and monitored cell migration in the next 8 hours. 
Although the cell morphology did not differ much from the control, a reduction of cellular 
protrusions was observed (Figure 5. 3 ).    
The overall effect of GM6001 on cell migration was evaluated through comparing the net cell 
translocation in a certain time duration, as an indicator for potential distant dissemination of 
cancer cells. Based on the cell tracks in Figure 5. 4, the net cell translocation was determined by 
the distance from the origin to the farthest point that cells reached. As the spread of the dotted 
tracks (green and blue tracks), which represent the control, often exceeds the spread of the 
solid tracks (red and magenta tracks), which represent the GM 6001-treated condition, the 
plots show that the net outreach of cell tracks was reduced by GM6001, except in the pH7 - 
1.5mg/ml gel. Statistical tests show that, with the inhibition of MMP activity, cell motility was 
changed but not for conditions of pH7 - 2.5 mg/ml and pH7 - 1.5 mg/ml (Appendix B). The 
frequency distribution histograms of cell speed are displayed in drug-control pairs Figure 5. 5 A 
– E), and box plots for all the five pairs are placed side-by-side in Figure 5. 5 F. After GM6001 
treatment, the peak of cell speed histograms is left-shifted in the gel containing pH7-4.0 mg/ml 
collagen and pH6-2.5 mg/ml, but not in other conditions. In the box plots (Figure 5. 5F), the 
upper 99 percentage of cell speed under GM6001 treatment show reduction from the control, 
which is particularly remarkable for the gel conditions pH7-4.0 mg/ml and pH7-2.5 mg/ml. 
Figure 5. 5 G correlates mean and median cell speed changes with gel elastic modulus, showing 
that cells were slowed down no more than 30% except for the harder gel of 64 Pa. 
Figure 5. 6A shows that the upper 99 percentage values of cell track straightness decreased due 
to GM6001 treatment, across all conditions. But K-S test of cells track straightness revealed 
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that the change was statistically significant only in the pH7 - 4.0 mg/ml and pH7 - 2.5 mg/ml 
collagen gels. When the change of mean and median cells track straightness are plotted against 
gel elastic modulus, no clear trend is suggested (Figure 5. 6B).  
 
Figure 5. 3. Cell morphology in pH9 - 2.5 mg/mL collagen gel, before (A) or after (B) 
GM6001 treatment  












Speed  -10% -37% - - -18% 
Straightness - -30% -31% - - 
Net* 
trans-location - decrease decrease - decrease 
Note: 
The percentage values indicate relative changes in mean speed and mean straightness as 
compared to the control. The same applies to Table 5.3 – 5.5. 
“ - ”: no change. It means that K-S test found no statistically significant difference between 
the “control – drug” pair in terms of speed and track straightness, or the farthest outreach of 
the pair of tracks were equal as shown by the track plots.  
*: “net translocation” was evaluated with visual inspection of the track plots. The same 
applies to Table 5.3 – 5.5. 
 
Table 5.2 summarizes the effects of GM6001 on cell speed, track straightness and the net 
translocation. Our data suggests that if either the straightness or motility is reduced under 
GM6001 treatment, it will result in a decrease in the net translocation. In the table, comparison 
of the former two indices was through K-S test, whereas the “net translocation” was evaluated 
a bA B
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with visual inspection of the track plots. The same approach applies to the other three drug 
assays.  
 
pH7 - 4.0 mg/ml pH9 - 2.5 mg/ml pH7 - 2.5 mg/ml pH6 - 2.5 mg/ml pH7 - 1.5 mg/ml 
Figure 5. 4. Paths of cell displacement (μm) over 8 hours in 3D collagen gel.  X-Y 
projections of cell tracks are in the top panel and X-Z projections are in the bottom panel. The 
tracks of a population of cells (n>50) were adjusted to start from the origin in the X-Y or X-Z 
coordinate system. Dotted lines: tracks of cells in control conditions; Solid lines: cell tracks 
under drug treatment. The arrow indicates the outer gel storage modulus decreased from 80 





































































































































































































Figure 5. 5. Cell speed: GM6001 treated cells compared with control. (A – E) shows the 
histograms of relative frequency distributions. The height of each column indicates the 
proportion of cell tracks of a certain track-average speed. The legend encodes polymerization 
pH and collagen concentration in mg/ml. “cntr” means control. (F) shows the box plots of cell 
track-speed, with (diamond) or without (rectangle) 25 µM of GM6001 in the media. (G) plots 













































































Figure 5. 6. (A) The box plots of cell track straightness, with or without 25 µM of GM6001 in 
the media. (B) There is no clear trend showing dependence of the drug-induced change of 
mean and median straightness on gel elastic modulus.  
5.3 ROCK-inhibition  
Rho Kinases (ROCK) phosphorylation of the myosin light chain is critical for the generation of 
cell contractile forces. In particular, the activation of ROCK is found to be an important factor 
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ROCK I & II to migrate through 3D MatrigelTM
To inhibit Myosin-II – dependent cell contraction, we added 20 µM of ROCK inhibitor, Y 
27632, to the complete media. The typical morphology of MDA-MB-231 cells in 3D collagen 
after Y27632 treatment is shown in Figure 5. 7B. Cells seemed to be in relaxed state and some 
of the cell extensions were extraordinarily long (more than 100 µm) and wavy. The 
morphology changes indicate that contractility of these cells might have been undermined. 
, which is not required for 2D migration (Sahai 
and Marshall 2003).  
We first examined the paths of cells during 5 hours of migration in 3D gel, and found that 
Y27632 treatment reduced the distance that cells travelled (Figure 5. 8). Figure 5. 9 and  
Figure 5. 10 show the effects of Y27632 on cell migration speed and track straightness, 
respectively. In Figure 5. 9A – E, the left shift of histogram peaks indicates a decrease in the 
proportion of faster-moving cells in Y27632-treated conditions. The box plots reveal 
significant reduction of upper 99 percentage values under drug treatment, except for conditions 
of pH7 - 4.0 mg/ml and pH7 - 2.5 mg/ml. In these two conditions, the motility of fastest cells 
was not reduced under ROCK inhibition, suggesting there may be other mechanisms to support 
cell migration when contractility was compromised. Figure 5. 9H clearly depicted the same 
trend as found in Figure 5. 9 G, showing that fastest cells (99th percentile) slowed down more 
significantly in softer gels. As for cell track straightness, Figure 5. 10 C revealed a biphasic 
decrease of 99th
Since non-linear gel elasticity may affect cell contraction of the gel, we investigated the link 
between cell speed change after ROCK inhibition and the strain levels that can induce 
strain-stiffening for each gel. Figure 5. 9I revealed that cell speed reduced most in the gel that 
only undergo strain-stiffening in a higher strain level. Based on these results, we suspect that 
inhibiting cell contractility is more efficient in preventing cell migration in elastic gels than in 
gels of nonlinear mechanics. 
 percentile straightness value with gel elastic modulus, consistent with the 
change in mean straightness value, as shown in Figure 5. 10 B. 





Figure 5. 7.Cell morphology in 2.5 mg/ml collagen gel polymerized at pH6 (A. control; B. 
Y-27632-treated; C. Cytochalasin D -treated; D. nocodazole-treated). Scale bars = 50 µm. 
Table 5.3 shows the consolidation of effects on cell speed, track straightness and the ultimate 
net translocation. Although cell track straightness did not vary much from the control level in 
stiffer gels, such as pH9 - 2.5 mg/ml, pH7 - 4.0 mg/ml and pH7 - 2.5 mg/ml, the reduction in 
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pH7 - 4.0 mg/ml pH9 - 2.5 mg/ml pH7 - 2.5 mg/ml pH6 - 2.5 mg/ml pH7 - 1.5 mg/ml 
Figure 5. 8. Paths of cell displacement (μm) over 5 hours in 3D collagen gel.  X-Y 
projections of cell tracks are in the top panel and X-Z projections are in the bottom panel. The 
tracks of a population of cells (n>50) were adjusted to start from the origin in the X-Y or X-Z 
coordinate system. Dotted lines: tracks of cells in control conditions; Solid lines: cell tracks 
under drug treatment.  
 












Speed  -50% -27% -33 -48% -68% 
Straightness - -37% -17% -45%  -6% 
Net 
translocation decrease decrease decrease decrease decrease 
Note: 
 “ - ”: means that K-S test found no statistically significant difference between the “control – 
drug” pair. 
 
In Figure 5. 9 F, the box plots reveal a reduction of cell track straightness under Y27632 
treatment, most significantly in pH6 gel, followed by pH7 - 1.5 mg/ml gel. Besides, there is a 
slight decrease in cell migration persistence for other conditions using pH7 gel. K-S test 
confirmed our observation from the box plot: there is no change of the persistence in pH9 gel.  
In summary, in the range of conditions that were tested, softer gels fared better in testing 
inhibitor effects on ROCK-mediated cell motility.  
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Figure 5. 9. Cell speed, Y-27632 treated cells compared to the control. (A – E) show the 
histograms of relative frequency distributions. The height of each column indicates the 
proportion of cell tracks of a certain track-average speed. The legend encodes polymerization 
pH and collagen concentration in mg/ml. “cntr” means the control case. (F) shows the box 
plots of cell track-speed, with or without 20 µM of Y-27632 in the media. (G) plots the 
relative change of mean and median speed of cells treated with Y-27632, as compared to the 
controls. It shows all conditions lead to over 30% reduction of cell speed, although softer gels 
yielded even larger decrease. (H) Speed of the fastest cells, plotting 99th
 
 percentile cell speed 
vs. gel elastic modulus, showing the same trend with that in chart (G). (I) compares the 











































































Figure 5. 10. (A) The box plots of cell track straightness, with or without 20 µM of Y-27632 
in the media. (B) There are more significant drug-induced changes of mean and median 
straightness in softer or stiffer gels. (C) The 99th
5.4 Actin destabilization  
 percentile straightness level vs. gel elastic 
modulus, showing the same trend with B. 
Multiple forms of cytoskeleton reorganization, especially the actin polymerization, play critical 
roles in cell migration. To test the effect of interrupting actin polymerization, Cytochalasin D 
(CytoD) was added to the media at 2 µM concentration. As a potent inhibitor of actin 
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disrupting actin microfilaments, activating the p53-dependent pathways and inhibiting smooth 
muscle contraction, etc. (Sigma-Aldrich 2009). 
Indeed we found drastic changes in cell morphology and migration patterns after CytoD 
treatment. Basically, there was significant reduction in cell motility, as the cells did not travel a 
distance of one cell diameter over 8 hours, as shown in Figure 5. 12. Seen from the time-lapse 
image series, cells hardly move away from but were almost “vibrating” around their original 
locations. An hour of CytoD treatment was sufficient to have caused the majority of cells to 
become round (Figure 5. 11B and Figure 5. 7C), indicating a change in the cytoskeleton 
structure led by depolymerisation of the F-actin. 
 
Figure 5. 11. Examples of 3D cell tracks during 8 hours of migration in pH7-2.5 mg/ml 
collagen gel, (A) before and (B) after CytoD treatment. Red: cells. Tracks are colour-coded 
for time. 
Statistical analysis of the cell tracks proved that CytoD reduced cell speed significantly across 
all gel conditions through K-S test. This is further confirmed by 1) the wide-apart columns 
forming the histograms representing cell speed distribution in control and drug-treated assays 
(Figure 5. 13); 2) the lower positions of boxes representing CytoD data than the control cases; 
and 3) the upper 99 percentage speed after CytoD-treatment which was much lower than the 
control. There is an exception for pH7 - 4.0 mg/ml gel, though, which show less but clear 
 
A B
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decrease in cell speed. This may suggest that the cytoskeleton polymerization mechanisms 
contribute less to cell motility in stiffer gels.  












Speed  -43% -12% -60% -46% -64% 
Straightness -72% -64% - 53% - 
Net 
translocation decrease decrease decrease decrease decrease 
Note: 
 “ - ”: means that K-S test found no statistically significant difference between the “control – 
drug” pair. 
 
Although there was a pronounced decrease in the drug-treated cell track straightness in stiffer 
gels, such as pH7 - 4.0 mg/ml and pH9 - 2.5 mg/ml, cell track straightness in pH7 - 2.5 mg/ml 
and pH6 - 2.5 mg/ml gels did not show a change in K-S tests of drug-control pairs, while the 
mean and median straightness were even increased in pH7 - 1.5 mg/ml gels (Figure 5. 14).  
 
pH7 - 4.0 mg/ml pH9 - 2.5 mg/ml pH7 - 2.5 mg/ml pH6 - 2.5 mg/ml pH7 - 1.5 mg/ml 
Figure 5. 12. Paths of cell displacement (μm) over 8 hours in 3D collagen gel.  X-Y 
projections of cell tracks are in the top panel and X-Z projections are in the bottom panel. The 
tracks of a population of cells (n>50) were adjusted to start from the origin in the X-Y or X-Z 
coordinate system. Dotted lines: tracks of cells in control conditions; Solid lines: cell tracks 
under drug treatment.  
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By summarizing the results listed in Table 5.4, Error! Reference source not found. and 
Figure 5. 14, it is interesting to see that CytoD induced different effects on cell motility and 
track straightness under different gel conditions. The gaps between lines connecting upper 99 
percentage data points in the box plots help to visualize that cell speed decreased less in stiff gel 
(pH7 - 4.0 mg/ml) whereas cell track straightness decreased less in softer gels (pH7 - 2.5 mg/ml 
and pH6 - 2.5 mg/ml). It suggests that cytoskeleton polymerization may have multiple 
functions in determining how cancer cells move in various matrix conditions.  Nonetheless, 
the cell net translocation in each individual condition was largely limited by CytoD treatment, 
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Figure 5. 13. Cell speed, CytoD-treated cells compared to the control. (A – E) shows the 
histograms of relative frequency distributions. The height of each column indicates the 
proportion of cell tracks of a certain track-average speed. The legend encodes polymerization 
pH and collagen concentration in mg/ml. “cntr” means the control case. (F) shows the box 
plots of cell track-speed, with or without 2 µM of CytoD in the media. (G) reveals that mean 












































































Figure 5. 14. (A) The box plots of cell track straightness, with or without 2 µM of CytoD in 
the media. (B) The relation between drug-induced change in straightness and gel elastic 
modulus is complex. The decrease of straightness is significant in stiffer gels. 
5.5 Microtubules destabilization 
Besides actin polymerization, another cytoskeleton factor proven to affect cell migration is the 
microtubules. The microtubule dynamics is defined as balanced microtubules-stabilizing and 
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microtubules depolymerising agent, nocodazole is found to impair cell morphological polarity 
and migration. For example, the rate of fibroblasts locomotion is very sensitive to microtubule 
dynamics, which is disturbed even under a low dose of nocodazole treatment (Liao et al. 1995). 
Another example is a study of migrating neurons, in which nocodazole impaired the 
directionality and speed of medial ganglionic eminence (MGE) cells on a layer of cortical cells. 
In this model, axons of cortical cells formed a complex network, which resembles the ECM 
structure to a certain extent (Baudoin et al. 2008).  
In our study, 2 µM of nocodazole induced morphological and migratory changes. 
Error! Reference source not found. shows the MDA-MB-231 cell morphology in 2.5 mg/ml 
collagen, before (A) or after (D) nocodazole was added to the media. Typically cells lost 
polarity in morphology and became round after 1hr of treating with nocodazole. 
Effects of nocodazole on cell migration can be qualitatively evaluated through comparing the 
distances that cells can reach in certain time duration, with and without drug treatment (Figure 
5. 15). The spreading of cells was significantly reduced by nocodazole treatment, except in the 
pH7 - 4.0mg/ml gel. 
However, when treated with nocodazole, cell movement speed was merely affected in all gel 
conditions, as indicated by the indistinguishable histograms of paired control and drug treated 
tests in Figure 5. 16 (A – E). This was further confirmed by the results shown in speed box plots 
(Figure 5. 16F) and the mean and medians (Figure 5. 16 G).  
Although cells maintained high motility, cell track straightness dropped significantly in the soft 
gels, such as pH7 - 1.5mg/ml, pH7 - 2.5mg/ml and pH6 - 2.5mg/ml gels, as shown by the box 
plots in Figure 5. 17 and confirmed with K-S test. In contrast, gels of high stiffness, including 
pH7 - 4.0mg/ml and pH9 - 2.5mg/ml, failed to show statistically significant decrease in 
straightness after nocodazole treatment. Nevertheless, in Figure 5. 17 the box plots representing 
the above two stiffer gels suggest that the maximal straightness declined by at least 15%, 
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although the mean or median did not change with nocodazole treatment. Table 5.5 summarizes 
the effects on speed and straightness as well as the net distances that cells had travelled. 
The effect of nocodazole seemed to vary with a number of factors. Our data show that in softer 
gels, nocodazole reduced cell track straightness, while in intermediate to stiff gels it affected 
more on the cell speed than directionality. Although the stiffest gel gave rise to more than a fold 
increase in the track straightness, it might be due to the extremely low base straightness value, 
as measured at the control. 
pH7 - 4.0 mg/ml pH9 - 2.5 mg/ml pH7 - 2.5 mg/ml pH6 - 2.5 mg/ml pH7 - 1.5 mg/ml 
Figure 5. 15. Paths of cell displacement (μm) over 6 hours in 3D collagen gel.  X-Y 
projections of cell tracks are in the top panel and X-Z projections are in the bottom panel. The 
tracks of a population of cells (n>50) were adjusted to start from the origin in the X-Y or X-Z 
coordinate system. Dotted lines: tracks of cells in control conditions; Solid lines: cell tracks 
under drug treatment.  
 
Table 5.5. Effects of nocodazole on cell movement speed and track straightness. 









Speed -15% 14% -11% -3.3% - 
Straightness - - 49% -35% -63% 
Net 
translocation decrease no change decrease decrease decrease 
Note: 
  “ - ”: no change. It means that K-S test found no statistically significant difference between 
the “control – drug” pair.  
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But the overall cell migration–limiting effect, as reflected in the rose-plots in the next figure, 
was negligible in the gel of highest protein density and also stiffness, i.e., 4.0 mg/ml. These 
results suggest that microtubules contribute in different ways to cancer cell migration in 3D, 
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Figure 5. 16. Cell speed, nocodazole-treated cells compared to the control. (A – E) shows the 
histograms of relative frequency distributions. The height of each column indicates the 
proportion of cell tracks of a certain track-average speed. The legend encodes polymerization 
pH and collagen concentration in mg/ml. “cntr” means the control case. (F) shows the box 
plots of cell track-speed, with or without nocodazole in the media. (G) reveals that there is 



























Figure 5. 17. (A)The box plots of cell track straightness, with or without 2 µM of nocodazole 
in the media. (B) The trend line suggests nocodazole-induced changes in mean straightness 
are more obvious in gels of lower stiffness.  
5.6 Discussions on drug effects 
In this section, we summarized the drug effects in relation to gel physical properties, as reported 
above. The inhibition of cell contractility (ROCK inhibitor - Y27632) caused more significant 
anti-migratory effect in gels of lower elasticity, whereas the inhibition of the digestion of 
fibrous ECM components (MMPs inhibitor – GM6001) was more successful in preventing cell 
migration in gels of higher molecular density. Regardless of the gel condition, cytoskeleton 
reorganization has always been critical to the net translocation during cell migration, although 
the inhibition of actin-polymerization and microtubules (by Cytochalasin D and nocodazole, 
respectively) led to different levels of changes in cell migration speed and track straightness.  
We will next look at the effects of each drug. The results presented in this chapter are basically 
consistent with the literature, but associating collagen matrix mechanics with the effectiveness 
of anti-migratory drugs is unique to our study and has never been reported.  
Regarding the functions of MMPs in cancer cell migration, there are controversial reports in the 
literature. Some studies proposed that certain MMPs are absolutely required during tumour cell 
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compensated by changing migration strategy from mesenchymal to amoeboid movement 
(Sabeh et al. 2009). Recently, the comparison of many gel systems of different microstructures 
showed that whether MMP-induced degradation of the 3D matrix was indispensable 
largely depended on the pore size of the matrix relative to the cell size (Wolf et al. 2009a). For 
a dense collagen network lack of macroscopic pores, the inhibition of MMPs activity did help 
to prevent migration. But the effectiveness of MMPs inhibition decreased in collagen gels of 
large gaps, when cell migration was less likely to require MMPs that much (Raeber
Another interesting point is found from the change after MMPs inhibition, i.e., cell speed is 
reduced more in gels of a lower potential to be stiffened by shear strain. Combining the data in 
Chapter 4 (Table 4.1), the power values are lower for pH6 - 2.5 mg/ml and pH7 - 4.0 mg/ml gels 
than other conditions, suggesting that strain-stiffening of these gels is less likely than other gels. 
It is exactly in these two conditions where cell speed dropped the most with GM6001 treatment. 
It suggests that when the gel has lower chance to be stiffened by the cell contractile forces, the 
function of MMPs will be more critical to cell migration. The existing literature has not 
reported any link between strain-stiffening potential of the gel and the role of MMPs in cancer 
cell migration through a 3D collagen matrix.  
 et al, 2005). 
The current work analyzed the contribution of MMPs from another dimension, by associating 
cell migration with the abundance of MMPs substrates, as indicated by collagen concentration, 
and proved that there is a positive correlation. The results are consistent with theoretical 
biochemistry that enzyme activity goes up with the concentration of substrate.  
As has long been recognized, cell protrusion forces and contractile forces are two independent 
migration limiting factors (Lauffenburger and Horwitz 1996). The two types of force are 
activated by actin polymerization and myosin-motor functions, respectively, and they are 
necessary in both modes of cell migration, i.e., mesenchymal (Friedl et al. 1998) and amoeboid 
(Sahai and Marshall 2003), as introduced in Chapter 1. Data presented in this chapter proved 
that demolishing any force generation mechanism by compound drugs is able to impede cell 
motility significantly. Although the overall migration-restricting effect was not limited to 
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certain collagen gel conditions, the drug-induced decrease in cell speed and cell track 
straightness varied with gel mechanics. For example, cell speed was more sensitive to the 
inhibition of actin polymerization in softer gels, whereas track straightness was affected more 
in stiffer gels. ROCK-mediated acto-myosin contraction considerably contributed to cell speed 
in all gel conditions, but its influences on cell track straightness were more pronounced in softer 
gels.  
As a microtubules depolymerising agent, nocodazole is found to impair cell morphological 
polarity and migration in the study of fibroblasts locomotion (Liao et al. 1995) and neuron 
migration (Baudoin et al. 2008). But the effect of nocodazole on cancer cell migration in 3D 
matrix system has not been well studied. This work demonstrates that microtubules stability is 
mainly responsible for maintaining cell movement directionality in a 3D matrix. This is 
consistent with observations in 2D assays, when microtubules are critical to cell polarity (Jiang 
et al. 2005). However, we also found that the nocodazole reduced cell track straightness less 
significantly for cells in stiffer gels, suggesting that cells relied less on microtubules to sustain 
directional migration, especially in stiff matrices.  
The four mechanisms that cancer cells employ to drive migration in 3D play different roles and 
they may compensate each other, depending on the microenvironment that cells live in, as our 
findings suggest. To effectively prevent cancer metastasis in heterogeneous tissue environment 
in vivo, combining different therapeutic approaches may help.    
Table 5.6. Recommended collagen-I gel mechanical property for drug assay designs 
Targeted cellular mechanisms Migration parameters to evaluate Speed Migration directionality 
Enzymatic degradation of matrix Dense* Dense 
ROCK All Soft & Stiff** 
Actin polymerization All Stiff*** 
Microtubules No recommendation Soft 
Properties refer to the following parameters, based on the current study.  
*Dense: collagen concentration >= 4.0 mg/ml, formed at neutral condition. 
**Soft: collagen storage modulus G’<30 Pa, as measured by shear rheometer testing, 
according to the protocol detailed in Chapter 3.  
***Stiff: collagen storage modulus G’>50 Pa, as measured by shear rheometer testing in 
linear strain range. 




The relations between collagen gel conditions and anti-migratory drug effects suggest that to 
test the effectiveness of anti-migratory drugs, it is advisable to build appropriate gel scaffold 
that makes it easy to reveal the influence of the particular drug on cell migration. As a unique 
finding of our study, the recommended physical properties of 3D collagen gels for designing 
optimal assay for each drug are summarised in Table 5.6. In addition, considering each of the 
four drugs is a typical inhibitor of certain molecular mechanisms contributing to cancer cell 
migration, the findings may be extended to testing drugs that target the respective molecular 
mechanisms. 
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Chapter 6: Conclusions and Future Work 
6.1 Conclusions  
Metastasis research is not only vital for understanding the mechanisms that enable the spread of 
cancer cells, but also helpful for developing functionally directed treatments aiming at 
repressing cancer dissemination and eventually winning the war against cancer. Studying drugs 
against cancer cell dissemination calls for quantitative functional assays that are able to 
evaluate cancer cell migration in a refined ECM contexts with varied physical properties. 
This thesis examined the relationship between 3D collagen elasticity and density with cancer 
cell migration. We analyzed how anti-migratory drug effects is influenced by ECM, with a 
focus on the microstructure and mechanical properties of collagen-I hydrogel.  
We used a 3D collagen-supported cell invasive migration model to simulate the pathological 
process that cancer cells infiltrated into the connective tissue. In vivo, a breast tumour is 
surrounded by stromal tissue, and the stromal tissue is further supported by the tissue 
compartment.  This scenario can be mimicked with the configuration of concentric cell-seeded 
inner gel and acellular outer gel (Paszek et al. 2005). From the perspective of physics, the 
rationale of the concentric gels model is that the outer gel was firmly grafted to the well, so that 
it was able to sustain cell-induced contraction that is often associated with cell migration. 
In addition, this configuration makes it easier to interpret the pathological significance from the 
quantitative analysis of cell migration data. In this set-up, we found malignant cancer cells 
migrated in a radial direction from inner gel into outer gel, in contrast to the “random walk” 
migration pattern, as often found in studies where cells are evenly distributed in a gel. On such 
basis, the cell migration speed and directional straightness can reflect the potential of cancer 
cell dissemination into stromal tissues. 
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To isolate the contribution from matrix mechanics to cancer cell motility from other factors, we 
combined the modulation of collagen concentration and polymerization pH condition to arrive 
at five different gel conditions: pH6 - 2.5 mg/ml, pH7 - 2.5 mg/ml, pH9 - 2.5 mg/ml, pH7 - 1.5 
mg/ml and pH7 - 4.0 mg/ml. As reported in Chapter 4, these engineered 3D collagen matrices 
exhibited differences in the network density, elasticity as well as strain-stiffening potential. The 
adjustment of gel polymerization pH enabled the decoupling of gel physical property from 
protein ligand density, allowing for an independent control of physical and biochemical cues 
that may direct cell migration in 3D.  
Using a malignant breast cancer cell line, MDA-MB-231, we monitored the migration of cells 
inside the outer gel. The outer gel was created with the above five conditions thereby achieving 
a range of physical properties. Following live cell imaging, we calculated cell speed and 
directional straightness from the cell tracks in 3D. The collagen gel mechanical properties did 
show significant influences on innate cell migratory behaviours. In gels prepared with different 
conditions while showing same levels of storage modulus, cells migrated with the same speed, 
but the cell speeds varied in gels of different mechanical properties. Throughout the range of 
conditions tested in the current study, the lowest cell migration speed and directional 
straightness were observed in the gels of the highest density, i.e., containing 4.0 mg/ml 
collagen. However, the rest four conditions did not show such distinctions from one and 
another. 
Under each of the five matrix conditions as adopted for innate cell migration characterization, 
we tested a panel of compound drugs that can inhibit ECM degradation, interrupt cytoskeletal 
dynamics (e.g., actin and microtubules) or impede cell contraction. The anti-migratory effects 
of each drug were detected through comparing cell migratory behaviour under the influences of 
drug treatment with the control counterparts. The same dose of drug showed varied effects 
depending on the gel elasticity and matrix density, indicating that the ECM micro-architecture 
and mechanics are confounders to drug effects in 3D cell migration assays.  
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From the above results, we have found that cancer cell migration and matrix properties are 
correlated, but the relationship is different from and more complicated than that observed from 
cell migration on 2D surfaces. On 2D substrates, the stiffness-dependent migration is described 
as durotaxis, i.e., cells migrate along a gradient of ECM rigidity, preferably from a softer to a 
stiffer region (Lo et al. 2000). In the case of 3D cancer cell migration in a complex ECM, 
multiple mechanisms have been suggested (Friedl and Wolf 2010). Those mechanisms may be 
activated to various extents and compensate each other depending on the ECM contexts, as 
illustrated in Figure 6.1. Consequently, a drug is likely to be more effective when it is inhibiting 
the cellular mechanism (e.g., matrix degradation, cell contractility, actin polymerization or 
microtubules stability) that plays a leading role in a particular matrix environment. The results 
reported in this thesis suggest that testing anti-migratory cancer drugs in 3D should take ECM 
mechanics into consideration. Accordingly, the study recommended the optimal range of 
collagen gel density and elasticity for testing each drug. The findings may also guide the testing 
of other drugs that target at the same cellular or molecular mechanism accounting for cancer 
cell invasive migration. 
 
Figure 6.1. Schematic relationship between cellular mechanisms and ECM physical 
properties. 
This research has unique implications in studying cancer metastasis. Because cancer cells adapt 
themselves while negotiating through a heterogeneous tissue environment to travel to a distant 
site during metastasis, to better understand how the drugs work against anti-metastasis is to test 
drug effect on 3D cancer cell migration in a range of ECM contexts instead of only one 
Denser ECM
role of MMP
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condition. As we have investigated in the current study, ECM mechanics is among a number of 
variables that interplay with anti-migratory drugs. Other variables of importance will be 
discussed in Section 6.2. 
To conclude, this thesis has demonstrated the significance of tissue mechanics in the 
reconstituted collagen gel-based in vitro model for cancer cell migration drug assay. Our results 
not only showed the anti-migratory effects of four compound drugs, but also revealed that the 
impact of anti-migratory drugs on cancer cell migration depends on ECM structure and 
mechanical properties. 
6.2 Further modulation of the ECM environment 
There are certain deviations between the microstructure and physical properties of native 
tissues and that in 3D collagen models. Reconstituted collagen gels have more water content 
but less proteins than natural tissues and could be mechanically weaker (Pedersen and Swartz 
2005). In addition, in vivo tissue pore-size varies across many orders, however, the pore-size of 
in vitro reconstituted collagen hydrogel spans a much narrower range and is limited to the lower 
end. Also, reconstituted collagen matrix lacks the heterogeneity of fibre thickness and pore 
sizes, which is a common phenomenon in connective tissues (Wolf et al. 2009b). With the 
development of more biomaterials, the current system can be modulated in many ways, to 
better mimic the diverse stromal ECM conditions as found in vivo.  
Firstly, there are more approaches to adjust 3D gel mechanics besides those adopted in this 
study. One example is to make hybrid hydrogels from multiple ECM components, or to 
incorporate ECM proteins into other transparent biomaterials to enhance the strength of a 
tissue-simulate. Another way is to induce crosslinking of the gel post gelation. As long as it is 
not harming the cells, crosslinking of the collagen network in the acellular gel by enzymatic 
reactions (Yamauchi and Shiiba 2008) or photochemical crosslinking (Chan and So 2005) will 
limit the non-affine mechanical property of the matrix.    
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Secondly, matrix pore-size is the leading factor that determines cell motility (Raeber et al. 
2005). Indeed, in a collagen-GAG scaffold made from coprecipitation-freezing process with 
pore sizes on the order of 100 µm (Harley et al. 2008), cell migratory behaviour differed greatly 
from that in self-assembled collagen hydrogel with pore-sizes on the order of 1 µm, as used in 
this study.  
Therefore, to engineer a more physiologically realistic setting for 3D cell migration models, a 
closer resemblance of in vivo ECM characteristics requires a larger range of porosity along with 
varying matrix microarchitecture. There are many techniques that could provide better control 
over the pore-size, for instance, spinning collagen-glycosaminoglycan acetic acid solution in a 
tubular mold followed by rapid frozen in N2
There are a substantial number of issues to be resolved in order to improve these 3D tumour 
models for further applications in cancer therapeutics. For example, how to maintain a steady 
oxygen / nutrients supply and sustain a micro-scale fluid flow in the newly formed vessels are 
now limiting factors for prolonged 3D culture (Griffith and Swartz 2006).  
 created a gradient of porosity along the tube radius 
(Harley et al. 2006). 
Other modifications to collagen matrices, such as artificially creating fibre alignment and 
introducing LOX-induced maturation and stiffening (Levental et al. 2009) may improve the 
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Appendix A. The Time Dependence of Cell Motility 
We have examined the cell speed at different time points, and found that 1) cell speed of each 
track did not vary considerably over 8 hours of live confocal fluorescence microscopy (Figure 
A.1); 2) cells maintained active migration from Day 7 to Day 16, but decreased after that 
(Figure A.2), suggesting that the current assay is able to maintain reproducibility for at least 
two weeks.  
On such basis, we averaged cell speed over each track to reflect the motility of an individual 
cell, and performed further analysis using these cell speed averaged by track. Considering the 
assay stability is proved for the period from Day 10 to Day 16, all cell tracking and drug tests 
were performed between Day 10 and Day 14.  
 
 
Figure A.1. Cell speed calculated at each 10 min interval, over 8 hours of monitoring via 
confocal fluorescence microscopy. The three lines represent three typical tracks in one test. 
Cell speed did not show any trend of variation over time. The three tracks maintained their 
relative positions across the entire period, and their difference can be reflected by the average 
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Figure A.2. Averaged cell speed on different days into the assay. All data were collected from 
one experiment using pH7-2.5 mg/ml collagen gel. Each sample contained more than 450 













Appendix B. Results of Statistical Tests  
 
The cell speed and track straightness data do not follow normal distribution. Paired t-test or 
ANOVA is not applicable to compare the data in our study. Mann-Whitney U test is an 
alternative to t-test when the data are not normally distributed, which is a test of population 
medians and the shape of the distribution functions, assuming that the data are from the same 
type of distributions. However, this assumption was not valid here, since among these sets of 
cell speed data we found inconsistency in the types of distribution.  As a result, Mann-Whitney 
U test was not selected.  
Instead, two-sample Kolmogorov-Smirnov (K-S) test was conducted using MATLAB (The 
MathWorks, Inc., Natick, MA, USA). K-S test compares the distributions of the values in the 
two data vectors x1  and x2 . The null hypothesis is that x1  and x2  are from the same 
continuous distribution. The alternative hypothesis is that they are from different continuous 
distributions.  
The test statistic is: 
𝑚𝑎𝑥(|𝐹1(𝑥) − 𝐹2(𝑥)|) 
where F1 is the cumulative distribution function (CDF) of vector x1, F1(x) is the proportion 
of x1 values less than or equal to x  and F2(x) is the proportion of x2  values less than or equal 
to x. So, the test statistic is the maximum difference between the two CDF curves. The test does 
not specify what that common distribution is, thus it sets no limit to the form of data 
distribution.  
To conclude from the K-S test, most of the cell speed data were from different distributions, 
through paired comparisons; and most drug-treated cell migration speed distributions differed 




Table B.1. Comparing cell speed in the five control conditions; p-values obtained from K-S 
tests. 
p-value pH9-2.5 mg/ml pH7-4.0 mg/ml pH7-2.5 mg/ml pH7-1.5 mg/ml pH6-2.5 mg/ml 
pH9-50 - 0* 0 0 0 
pH7-80 
 
- 0 0 0 
pH7-50 
  
- 0 0 
pH7-30 
   
- 0.49 
*When p<0.01, p-value is marked as ”0”, indicating significant difference was found. At each 
condition sample size >450. The same applies to all tables in Appendix B.  
 
Table B.2. Comparing cell straightness in the five control conditions; p-values obtained from 
K-S tests. 
p-value pH9-2.5 mg/ml pH7-4.0 mg/ml pH7-2.5 mg/ml pH7-1.5 mg/ml pH6-2.5 mg/ml 
pH9-50 - 0 0 0 0 
pH7-80 
 
- 0 0 0 
pH7-50 
  
- 0 0.81 
pH7-30 










Figure B.1 Summary of K-S test of cell speed data. Column height = 1 means the data from 
the paired drug treated– control conditions were from different distributions, suggesting the 
drug effect is statistically significant.  Column height = 0 means the pair of data were not 
drawn from different distributions. All tests were performed at a significance level = 0.05. 
 
Figure B.2. Summary of K-S test of cell track straightness data. Column height = 1 means the 
data from the paired drug treated–control conditions were from different distributions, 
suggesting the drug effect is statistically significant.  Column height = 0 means the pair of 
data were not drawn from different distributions. All tests were performed at a significance 
level = 0.05. 
